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PART I

Office of Naval Research
Publlcatlons/Patents/Presentatlons/Honors Report

R&T Number. 4132055

Contract/Grant Number. N00014-89-J-1893

Contract/Grant Title: Copolymers for Drag Reduction in Marine Propulsion: New
Molecular Structures with Enhanced Effectiveness

Principal Investigators: Charles L. McCormick and Roger D. Hester

Mailing Address: Southern Station Box 10076
Hattiesburg, MS 39406-0076

Phone Number. (601)266-4868

FAX Number. (601)266-5504

a. Number of papers submitted to refereed journals, but not published: 7

b. Number of papers published in refereed journals (list attached): 7
c. Number of books or chapters submitted, but not yet published: 0
d. Number of books or chapters published (list attached): 9

e. Number of preprints: 5
f. Number of patents filed: 0
g. Number of patents granted (list attached): 0

h. Number of invited presentations at workshops or professional society meetings: 1

i. Number of presentations at workshops or professional society meetings: 2.6.6
j. Honors/awards/prizes for contract/grant employees (list attached): 1
k. Total number of graduate students and post-doctoral associates supported by at least 25%

during this period, under this R&T project number.

Graduate Students: 11 Accesion For
Post-Doctoral Associates: I NTIS CRA&I

including the number of, DTIC TAB
Female Graduate Students: 1 Uiannouiced
Minority Graduate Students: 1_ -stification ............

Asian Graduate Students: 2- By 7
1. Other funding (list attached) Dis i utio I

Avaiabihity -

Avail ' , ,
Dist So:...



A. Papers Submitted to Refereed Journals

'Water-Soluble Copolymers. 26. Fluorescence Probe Studies of Hydrophobically-
Modified Maleic Acid-Ethyl Vinyl Ether Copolymers," C. L. McCormick, C. E. Hoyle and
M. D. Clark, accepted by Polymer.

'Water-Soluble Copolymers. 38. Synthesis and Characterization of Terpolymers
of Acrylamide, N-(4-Butyl)Phenylacrylamide and Sodium Acrylate, Sodium-2-
Acrylamido-2-Methylpropanesulfonate or Sodium-3-Acrylamido-3-Methylbutanoate," C.
L. McCormick, J. C. Middleton, and C. E. Grady, in press, Polymer.

"Water Soluble Copolymers. 42. Cationic Polyelectrolytes of Acrylamide and 2-
Acrylamido-2-Methylpropanetrimethylammonium Chloride," C. L. McCormick and L.
C. Salazar, accepted by J. Polymer Science, Part A-Polymer Chem.

"Water Soluble Copolymers. 44. Ampholytic Terpolymers of Acrylamide with
Sodium 2-Acrylamido-2-Methylpropanesulfonate and 2-Acrylamido-2-Methylpropane-
trimethylammor; um Chloride," C. L. McCormick and L. C. Salazar, accepted by Polymer.

'Water Soluble Copolymers. 45. Apholytic Terpolymers of Acrylamide with
Sodium 3-Acrylamido-3-Methylbutanoate and 2-acrylamido-2-Methylpropanetrimethyl-
ammonium Chloride," C. L. McCormick and L. C. Salazar, accepted by J. Applied Polymer
Sci.

'Water Soluble Copolymers 46. Hydrophilic Sulfobetaine Copolymers of
Acrylamide and 3-(2-Acrylamido-2-Methylpropanedimethylammodio)-l-Propane-
sulfonate," C. L. McCormick and L. C. Salazar, accepted by Polymer.

"A High Reynolds Number Rotating Disk Rheometer," J. P. Dickerson, L. M.
Flesher and R. D. Hester, submitted to J. Physics E: Scientific Instruments, March 1992.

B. Papers Published in Refereed Journals

"Size-Exclusion Chromatography of High Molecular Weight Water-Soluble
Polymers," A. M. Saffieddine and R. D. Hester, J. Applied Polymer Sci. 1991,43,1987-1990.

"'Water-Soluble Copolymers. 37. Synthesis and Characterization of Responsive
Hydrophobically Modified Polyelectrolytes," C. L. McCormick, J. C. Middleton, and D.
F. Cummins, Macromolecules 1992, 25(4), 1201-1206.

"Apparent Solubility Parameters from Photophysical Investigation of Copolymers
with Pendent Naphthyl Chromophores," C. L. McCormick, C. E. Hoyle, M. D. Clark, and
T. A. Schott, Polymer International 1992, 27(1), 63-65.



"Water-Soluble Copolymers. 39. Synthesis and Solution Properties of Associative
Acrylamido Copolymers with Pyrenesulfonamide Fluorescence Labels," C. L. McCormick
and S. A. Ezzell, Macromolecules 1992, 25(7), 1881-1886.

"Water-Soluble Copolymers. 40. Photophysical Studies of the Solution Behavior
of Associative Pyrenesulfonamide-Labelled Polyacrylamides," C. L. McCormick, C. E.
Hoyle, D. Creed and S. A. Ezzell, Macromolecules 1992, 25(7), 1887-1895.

"Water Soluble Copolymers. 41. Copolymers of Acrylamide and Sodium 3-
Acrylamido-3-Methylbutanoate," C. L. McCormick and L. C. Salazar, 1. Macromol.
Sci.-Pure Appl. Chem. 1992, A29(3), 193-205.

"Water Soluble Copolymers. 43. Ampholytic Copolymers of Sodium 2-
Acrylamido-2-Methylpropanesulfonate with 2-Acrylamido-2-Methylpropanetrimethyl-
ammonium Chloride," C. L. McCormick and L. C. Salazar, Macromolecules 1992, 25(7),
1896-1900.

D. Books or Chapters Published

Water-Soluble Polymers: Synthesis, Solution Properties, and Applications, S. W. Shalaby,
C. L. McCormick and G. B. Butler, Eds.; ACS Symposium Series 467; American Chemical
Society: Washington, DC, 1991.

"Synthesis and Solution Behavior of Electrolyte-Responsive Polyampholytes," L.
C. Salazar, Ph.D. Dissertation, The University of Southern Mississippi, August 1991.

"Structural Design of Water-Soluble Copolymers," C. L McCormick, Water-Soluble
Polymers: Synthesis, Solution Properties, and Applications, ACS Symposium Series 467,1991,
Chapter 1, pg. 2.

"Copolymers of Acrylamide and a Novel Sulfobetaine Amphoteric Monomer," L.
C. Salazar and C. L. McCormick, Water-Soluble Polymers: Synthesis, Solution Properties, and
Applications, ACS Symposium Series 467, 1991, Chapter 7, pg. 119.

"Synthesis and Solution Characterization of Pyrene-Labeled Polyacrylamides," S.
A. Ezzell and C. L. McCormick, Water Soluble Polymers: Synthesis, Solution Properties, and
Applications, ACS Symposium Series 467, 1991, Chapter 8, pg. 130.

"Determination of Molecular-Weight Distribution of Water-Soluble
Macromolecules by Dynamic Light Scattering," M. J. Mettille and R. D. Hester, Water
Soluble Polymers: Synthesis, Solution Properties, and Applications, ACS Synposium Series
467, 1991, Chapter 18, 276.

"Photophysical and Rheological Studies of the Aqueous-Solution Properties of
Naphthalene-Pendent Acrylic Copolymers," M. D. Clark, C. L. McCormick and C. E.



Hoyle, Water Soluble Polymers: Synthesis, Solution Properties, and Applications, ACS
Symposium Series 467, 1991, Chapter 19, pg. 291.

"Roles of Molecular Structure and Solvation on Drag Reduction in Aqueous
Solutions," C. L. McCormick, S. E. Morgan and R. D. Hester, Water Soluble Polymers:
Synthesis, Solution Properties, and Applications, ACS Symposium Series 467,1991, Chapter
21, pg. 320.

"Rheological Properties of Hydrophobically Modified Acrylamide-Based
Polyelectrolytes," J. C. Middleton, D. F. Cummins and C. L. McCormick, Water Soluble
Polymers: Synthesis, Solution Properties, and Applications, ACS Symposium Series 467,1991,
Chapter 22, pg. 338.

E. Preprints

"Hydrophobically Associating Water Soluble Copolymers for the Study of Drag
Reduction'" P. S. Mumick and C. L. McCormick, ANTEC Conference Proceedings 1992,38,
2095-2099.

"Proposed Mechanism for Drag Reduction in Dilute Polymer Solutions," J. P.
Dickerson and R. D. Hester, submitted April 1992 for presentation at the National ACS
Meeting, Washington, DC, August 1992.

"23Na NMR Studies of Ion-Binding to Anionic Polyelectrolytes," J. K. Newman
and C. L. McCormick, submitted April 1992 for presentation at the National ACS
Meeting, Washington, DC, August 1992.

"Synthesis and Solution Characterization of Cationic, Hydrophobically-Modified
Acrylamide Copolymers," Y. Chang and C. L. McCormick, submitted April 1992 for
presentation at the National ACS Meeting, Washington, DC, August 1992.

"Water Soluble Polyampholytes for the Study of Drag Reduction," P. S. Mumick,
P. M. Welch and C. L McCormick, submitted April 1992 for presentation at the National
ACS Meeting, Washington, DC, August 1992.

H. Invited Presentations at Workshops or Professional Society Meetings

"Microheterogeneous Associations in Aqueous Solutions," C. L. McCormick,
Frontiers in Polymer Science Gordon Research Conference on Ion-Containing Polymers,
New London, NH, August 1991.

"Effect of Polymer Microstructure on Drag Reduction Efficiency in Aqueous
Media," C. L. McCormick, R. D. Hester and P. S. Mumick, U.K. Makro Group Meeting,
University of Durham, Durham, U.K., April 1992.



"Studies of Microheterogeneous Associations in Aqueous Solutions Utilizing
Synthetically Tailored Copolymers with Fluorescent Labels," C. L. McCormick, S. A.
Ezzell, M. C. Kramer, and K. D. Branham, U.K. Makro Group Meeting, University of
Durham, Durham, U.K., April 1992.

I. Presentations at Workshops or Professional Society Meetings

"Effect of Polymer Microstructure and Hydration on Drag Reduction," P. S.
Mumick, P. M. Welch and C. L. McCormick, Marine Technology Society Annual
Conference, New Orleans, LA, November 11-13, 1991.

"Study of Polymeric Drag Reduction By a Rotating Disk Rheometer," L. M.
Flesher and R. D. Hester, Marine Technology Society Annual Conference, New Orleans,
LA, November 11-13, 1991.

"Accoustical Analysis of Drag Reducing Polymer Systems," J. P. Dickerson and
R. D. Hester, Marine Technology Society Annual Conference, New Orleans, LA,
November 11-13, 1991.

"Synthetically Modified Chitin Biopolymers with Potential Commercial Utility,"
S. Williamson, S. Wolfe, M. Kramer, and C. L McCormick, Marine Technology Society
Annual Conference, New Orleans, LA, November 11-13, 1991.

"Electrolyte-Tolerant, Water-Soluble Copolymers for Off-Shore Enhanced Oil
Recovery," K. Branham, E. Kathmann, M. Kramer, and C. L. McCormick, Marine
Technology Society Annual Conference, New Orleans, LA, November 11-13,1991.

"Recombinant Synthesis of Hydrophobically Associating De Novo Proteins:
Possible Applications for Marine Spill Clean-Up," M. J. Logan and C. L. McCormick,
Marine Technology Society Annual Conference, New Orleans, LA, November 11-13,
1991.

"Dilute Solution and Drag Reduction Properties of Polyampholytes," P. M. Welch,
P. S. Mumick and C. L. McCormick, 1992 Annual Meeting of the Mississippi Academy
of Sciences, Biloxi, MS, March 13, 1992.

"Recombinant Synthesis of Hydrophobically Associating De Novo Polypeptides'
M. J. Logan and C. L. McCormick, 1992 Annual Meeting of the Mississippi Academy of
Sciences, Biloxi, MS, March 13, 1992.

"Synthesis and Characterization of Hydrophobically-Modified Acrylamide/Acrylic
Acid Terpolymers," D. L Davis, K. D. Branham and C. L. McCormick, 1992 Annual
Meeting of the Mississippi Academy of Sciences, Biloxi, MS, March 13, 1992.



"Solution Properties of Acrylamide/Acrylic Acid-Based Model Associative
Thickeners," K. D. Branham, D. L. Davis and C. L. McCormick, 1992 Annual Meeting of
the Mississippi Academy of Sciences, Biloxi, MS, March 13, 1992.

"Rheological and Photophysical Characterization of Poly(Acrylamide-Co-Sodium
11-Acrylamidoundecanoate)," C. G. Farmer, M. C. Kramer and C. L. McCormick, 1992
Annual Meeting of the Mississippi Academy of Sciences, Biloxi, MS, March 13, 1992.

"Synthesis and Characterization of Copolymers of N-Vinyl Formamide and
Sodium Acrylate," E. Kathmann and C. L. McCormick, 1992 Annual Meeting of the
Mississippi Academy of Sciences, Biloxi, MS, March 13, 1992.

"Synthesis and Solution Characterization of Hydrophobically-Modified
Acrylamide Copolymers," Y. Chang and C. L. McCormick, 1992 Annual Meeting of the
Mississippi Academy of Sciences, Biloxi, MS, March 13, 1992.

"3Na NMR Studies of Conformational Changes in Hydrophobically-Modified
Polymethacrylic Acid Copolymers," J. K. Newman and C. L. McCormick, 1992 Annual
Meeting of the Mississippi Academy of Sciences, Biloxi, MS, March 13, 1992.

"Synthesis and Characterization of Pyrene-Labelled Poly (Sodium 11 -Acrylamido-
undecanoate)," M. C. Kramer, C. G. Farmer and C. L. McCormick, 1992 Annual Meeting
of the Mississippi Academy of Sciences, Biloxi, MS, March 13, 1992.

"Rheological and Photophysical Investigation of Water-Soluble Polymers Based
on Sodium 1l-Acrylamidoundecanoate," M. C. Kramer, C. G. Farmer and C. L.
McCormick, Fourth Annual Southeastern Graduate Polymer Conference, Baton Rouge,
LA, March 22-25,1992.

"Solution Properties of Hydrophobically-Modified Polyelectrolytes," K. D.
Branham, D. L. Davis and C. L. McCormick, Fourth Annual Southeastern Graduate
Polymer Conference, Baton Rouge, LA, March 22-25, 1992.

"Effect of Intramolecular Hydrophobic Associations and Hydration on Drag
Reduction," P. S. Mumick and C. L. McCormick, Fourth Annual Southeastern Graduate
Polymer Conference, Baton Rouge, LA, March 22-25, 1992.

"2Na NMR Studies of Ion-Binding to Anionic Polyelectrolytes," J. K. Newman

and C. L. McCormick, Fourth Annual Southeastern Graduate Polymer Conference, Baton
Rouge, LA, March 22-25, 1992.

"Effect of Polymer Microstructure on Drag Reduction Efficiency in Aqueous
Media," C. L. McCormick, R. D. Hester and P. S. Mumick, U.K. Makro Group Meeting,
University of Durham, Durham, U.K., April 1992.



"Studies of Microheterogeneous Associations in Aqueous Solutions Utilizing
Synthetically Tailored Copolymers with Fluorescent Labels," C. L. McCormick, S. A.
Ezzell, M. C. Kramer, and K. D. Branham, U.K. Makro Group Meeting, University of
Durham, Durham, U.K., April 1992.

"Hydrophobically Associating Water Soluble Copolymers for the Study of Drag
Reduction," P. S. Mumick and C. L. McCormick, SPE Annual Technical Conference,
Detroit, MI, May 1992.

"Proposed Mechanism for Drag Reduction in Dilute Polymer Solutions," J. P.
Dickerson and R. D. Hester, submitted April 1992 for presentation at the National ACS
Meeting, Washington, DC, August 1992.

"DNa NMR Studies of Ion-Binding to Anionic Polyelectrolytes," J. K. Newman

and C. L. McCormick, submitted April 1992 for presentation at the National ACS
Meeting, Washington, DC, August 1992.

"Synthesis and Solution Characterization of Cationic, Hydrophobically-Modified
Acrylamide Copolymers," Y. Chang and C. L. McCormick, submitted April 1992 for
presentation at the National ACS Meeting, Washington, DC, August 1992.

"Water Soluble Polyampholytes for the Study of Drag Reduction," P. S. Mumick,
P. M. Welch, R. D. Hester and C. L. McCormick, submitted April 1992 for presentation
at the National ACS Meeting, Washington, DC, August 1992.

J. Honors/Awards/Prizes for Contract/Grant Employees

Invited lecture, Frontiers in Polymer Science Gordon Research Conference on Ion-
Containing Polymers, "Microheterogeneous Associations in Aqueous Solutions," C. L.
McCormick, New London, NH, August 1991.

K. Graduate Students/Undergraduate Students/Post-Doctoral Associates

Graduate Students:

Dr. Luis C. Salazar--graduated August 1991, joined Texaco Research and
Development, Port Arthur, TX

Chase J. Boudreaux
Kelly D. Branham
Yihua Chang
James P. Dickerson
Erich E. Kathmann
Michael C. Kramer
Mark J. Logan



Pavneet S. Mumick
J. Kent Newman
Sheila L. Williamson

Undergraduate Students:

DeAnna L Davis
James W. Denson
Cynthia G. Farmer
Steven C. Manning
Georgia Shafer
Paul M. Welch
D. Lane Windham

Post-Doctoral Associates:

Dr. Paul Ferguson

L. Other Funding

Leaf River Water Quality Study, Pat Harrison Waterway District, $40,000
Acid/Sugar Separation, Tennessee Valley Authority, $30,000
Polystyrene Study, Pennzoil, $16,340
Urea Study, International Fertilizer Development, $2,000
pH-Responsive Copolymers for Bioremediation Starter Grant, Exxon Chemical,

$15,000
Support of Basic Research in Water-Soluble Polymers, Union Carbide

Corporation, $30,000
Basic Research in Water-Soluble Polymers, Unilever Research U.S., Inc., $15,000
Basic Research in Water-Soluble Polymers, B. P. America, Inc., $19,000
Air Products Research Grant, Air Products and Chemicals, $52,000



PART II

Principle Investigators

Dr. Charles L McCormick, Dr. Roger D. Hester
Department of Polymer Science
The University of Southern Mississippi
Hattiesburg, MS 39406-0076
(601)266-4868

Scientific Officers

Dr. JoAnn Milliken
Dr. Kenneth Wynne

Description of Project

Responsive synthetic copolymers are being tailored with specific microstructural
features in order to elucidate drag reduction behavior and acoustical attenuation in
aqueous media. Studies suggest that the major role of the polymer may be that of
ordering the solvent in the immediate vicinity of the macromolecular coil. The key to
varying fluid response under flow conditions lies in synthesizing specific polymer
microstructures by appropriate monomer incorporation. Resulting microphase
separation appears to alter solvation characteristics upon extension in fluid flow. New
methods of data a'nalysis allow for the first time direct comparisons of polymer type by
assessing drag reduction efficiency as a function of polymer volume fraction. A master
curve has been developed from this approach which yields an extensibility parameter
suggested by a number of theoretical drag reduction models. Dynamic light scattering
studies and photophysical techniques are being employed to study microphase
organization. Rotating disk rheological measurements are being used to study drag
reduction.

Significant Results During the Last Year

During the past year, focus has been placed on microstructurally tailored systems
with ampholytic and hydrophobic moieties situated strategically along the
macromolecular backbone. Among the polyampholytes, the zwitterionic polymers are
the most efficient drag reducers. Their unique ability to switch between intramer and
intramolecular ionic associations probably provides a better mechanism for turbulent
energy dissipation. The high charge density polyampholytes show the poorest drag
reduction efficiency due to very strong intramolecular ionic associations. The low charge
density polyampholytes show intermediate efficiency in drag reduction. A



polyampholytic copolymer based on 3-(2-acrylamido-2-methylpropane-dimethyl-
ammonio)-l-propanesulfonate and a hydrophobically associating copolymer based on
diacetone acrylamide have drag reducing properties significantly superior to
conventional polymers, i.e., poly(ethylene oxide) and homopolyacrylamide. Both these
copolymers show increased drag reduction efficiency in salt solutions as compared to
that in fresh water.

Research Planned for Period June 1, 1992 - May 31, 1993

In the next year, we will continue to study microstructurally tailored systems
showing intra- and intermolecular hydrophobic associations. Special emphasis will be
placed on polymer-surfactant interactions and their effect on drag reduction.
Hydrophobically modified polyelectrolytes will also be characterized for dilute solution
properties including drag reduction behavior as a function of solvent ionic strength.
Since zwitterionic polyampholytes have shown excellent drag reduction properties, new
zwitterionic models are being synthesized for further study. Drag reducing polymers
are also being attached onto rotating disks. These coatings are being used to control the
release of drag reducing polymers from solid surfaces into aqueous media. When
perfected, this release technique will yield a practical means of utilizing the drag
reduction phenomenon.

Graduate Students and Post Doctoral Fellow Currently Working on Project

Chase Boudreaux
Kelly Branham
Yihua Chang
Jimmy Dickerson
Erich Kathmann
Michael Kramer
Pavneet Mumick
Kent Newman
Sheila Williamson
Dr. Paul Ferguson
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DRAG REDUCTION PERFORMANCE
OF SELECTED POLYMERS

Polymer Rotating Disk Collision

Type* Solvent Reynolds Number Efficiency

PEO DI H20 675,000 150

PEO DI H 20 850,000 120

PEO 0.514M NaCI 675,000 290

PEO 0.514M NaCI 850,000 160

PAM DI H20 675,000 600

PAM DI H20 850,000 410

PAM 0.514M NaCl 675,000 457

PAM 0.514M NaCl 850,000 324

DAPS-10 DI H 20 675,000 1060

DAPS-10 DI H20 850,000 621

DAPS-10 0.514M NaCI 675,000 1070

DAPS-10 0.514M NaCl 850,000 670

DAAM-35 0.514M NaCl 520,000 1600

"PEO-polyethylene oxide (Polyox WSR-N-60K)
PAM-polyacrylamide (Magnifloc 900N)
DAPS-10-3-(2-acrylamido-2-methylpropane-dimethylammonio)-l-propanesulfonate
DAAM-35--diacetone acrylamide



*

RESEARCH HIGHLIGHTS

Responsive Microphase Copolymer Fluids for Drag Reduction

A research team headed by Drs. Charles L McCormick and Roger D. Hester from
The University of Southern Mississippi is developing a series of responsive copolymers
for utilization in drag reduction and acoustical attenuation applications. The key to
responsive fluid behavior under flow conditions lies in microstructural organization of
mers along the copolymer backbone and changes in solvation characteristics upon
extension. A new method of data analysis from rotational disk flow and tube flow
experiments allows determination of drag reduction efficiency as a function of volume
fraction. Data analysis is based on a new kinetic model for drag reduction. Turbulence
reduction is brought about by polymer collision with fluid perturbances. The probability
of collision is dependent upon the volume fraction of polymer and the perturbance level
produced by the flow field. Drag reduction results from the elimination of fluid
perturbances. During collision, copolymers having superior drag reduction behavior are
more efficient in eliminating perturbances. Efficiency is related to copolymer
extensibility properties which are controlled by polymer microphase organization. The
most efficient polymers made to date are a polyampholytic copolymer, DAPS-l0, and
a hydrophobically associating copolymer, DAAM-35.



REPORT DOCUMENTATION PAGForm ApprovedPAGE OMB No. 0704-0188

Pohc repotng opurden OW this Collection of informaton is estimated to average I how Per response, including the time for reviewing Instructions. searching existing data sources.
gathering and airntaining the data needed, and completing ano reviewing the collection of informaton. Send comments regarding this burden estimate or any other aspect of this
collection of -nformatio. incl uding Suggestions for reducing this burden. to Washngton Headquarters Services. ODirectorate for information Operations and Repors. 12 IS Jefferson
Deos H-gthwna. Suite 1204. Arlington. VA 22202-4302. and to the Office of Management and Budget. Paperwork Reduction Prolect (0704-0188). Wiashington. DC 20S03.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 13. REPORT TYPE AND DATES COVERED

1991 I Journal article
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Size Exclusion Chromatography of High. Molecular Weight
Water-Soluble Polymers C: N00014-89-J-1893

6. AUTHOR(S)

A. M. Saffieddine and R. D. Hester

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATIONREPORT. NUMBER

The University of Southern Missis.sippi
Department of Polymer Science 91-92-1
Southern Station, Box 10076
Hattiesburg, MS 39406-0076

9. SPONSORING/ MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/ MONITORING

Office of Naval Research AGENCY REPORT NUMBER

800 North Quincy Avenue
Arlington, VA 22217

11. SUPPLEMENTARY NOTES

Published in J. Applied Polymer Sci., 1991, 43, 1987-1990

12a. DISTRIBUTION /AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unlimited

13. ABSTRACT (Maximum 200 words)

See attachment

14. SUBJECT TERMS 15. NUMBER OF PAGES

4
16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified " Unclassified Uncl as.sified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-16
298-102



Size-Exclusion Chromatography of High Molecular Weight
Water-Soluble Polymers

ABBAS M. SAFIEDDINE and ROGER D. HESTER*

Department of Polymer Science, The University of Southern Mississippi, Hattiesburg, Mississippi 39406-0076

SYNOPSIS

A preparative-scale, aqueous size-exclusion chromatography system was constructed for
fractionation of large molecular weight polymers. Calibration of molecular weight to elution
volume was accomplished without polymer standards by using an eluent viscosity detector
in series with a refractometer. The system was found to have a hydrodynamic size-separation
resolution that ranged from 500 to 3500 A.

INTRODUCTION and others.2 The combination of a viscodetector with
a differential refractometer has enabled the calibra-

Size-exclusion chromatography (SEC) is a charac- tion of an aqueous SEC system by a single injection
terization technique useful in the analysis of poly- of a polydisperse high MW polymer sample. The
mers in both organic and aqueous media. Polymer calibration technique outlined in this paper simpli-
molecules elute from an SEC column according to flies the use of aqueous SEC to measure MW dis-
their hydrodynamic size. To obtain an SEC system tributions of high MW polymers.
capable of measuring molecular weight (MW), one
must calibrate elution volume as a function of hy-
drodynamic size. This is usually accomplished by SEC SYSTEM
plotting several polymer standards of known MW
or hydrodynamic size versus elution volume. Thus, A preparative SEC system was constructed as shown
construction of an SEC calibration curve requires in Figure 1. A Waters 510 dual piston pump equipped
polymer standards. Standards are readily obtainable with pulse dampeners was used to draw degassed DI
for low MW polymers. However, high MW standards water from a 20 L Pyrex reservoir and maintain the
over 1 million daltons for aqueous SEC are unavail- flow rate at 5.2 mL/min. The aqueous stream was
able. passed through two large 5.75 cm-inside-diameter-

A detection problem also exists with high MW columns connected in series and having a total
polymers. To prevent overloading of an SEC column, length of 200 cm. The columns were packed with
the sample concentration and total fluid volume in- TSK-GEL HW-75F, a semirigid gel that has good
jected must be limited. Injected concentrations must chemical and physical stability and high resolution
be reduced as sample hydrodynamic size increases, in separating large water-soluble polymers. A vis-
Thus, polymer detection in the SEC eluent becomes codetector and a differential refractive index detec-
increasingly difficult with increasing MW. When tor (HP-1037A) were connected in series to measure
this problem of low eluent polymer concentration is eluent viscosity and polymer mass, respectively. The
coupled with the unavailability of polymer stan- viscodetector measured the eluent pressure drop
dards, the task of calibrating an aqueous SEC system across a 0.127 cm-diameter stainless steel tube hay-
becomes formidable. ing a length of 212 cm by using a Validyne DP-15

We have implemented an eluent viscosity detector pressure transducer equipped with a 1.25 psi pres-
similar to that constructed by Ouano and Baker' sure plate. The tubing was immersed in a water bath

maintained at 30.0°C. The analog signals from both

To whom correspondence should be detectors were input into an IBM-PC compatible

Journal a!Applied Polymer Science, Vol. 43, 197-1990 (1991) computer through an analog-to-digital (A/D) ccn-
e xmi John wue, & Son. Ine. ccc OO 21.-O/91/111987-004.oo verter (ACPC-16, Strawberry Tree Computers, CA).

1987



1988 SAFIEDDINE AND HESTER

polymer solution leaving the size-exclusion column.
AQUEOUS SOLVENT Equation (1) was employed to perform a fluid spe-

cific viscosity calculation from the pressure drop
across the viscosity detector tube. This relationship

Q0 0 PUMP (4-15 ML/MIN) in valid for the steady laminar volumetric flow
through the viscosity detector tube. Under these
conditions, the pressure drop of the polymer solution

SYRINGE INJECTOR (60 ML) across the tube, APi, is proportional to the solution

GUARD COLUMN viscosity. When only solvent is flowing through the
(5.75 C ID X 15 CM) tube, the pressure drop, APO, is proportional to the

solvent viscosity:

PACKED COLUMNS
(5.75 CM IDX200 CM) n, = (APi - AP 0 )/AP 0  (1)

The signal from the refractive index (RI) detector
can be used to calculate the concentration of poly-

SDIFFERENTIAL
REFRACTOMETER mer, Ci, in each equal volume aliquot of eluent, A V,:

MICROCOMPUTER Ci = fSI(AV. 2 Si) (2)
WITH A/D CONVERTER

S- LNE VISCOMETER In Equation (2), "m" is the total mass of polymer
................... sample injected, Si is the RI signal with base line

subtracted at aliquot i, and 7 Si is the sum of all RI
signals taken in a chromatogram when polymer is
eluting. This relationship assumes that the total

l1 ri SAMPLER mass of sample injected is proportional to the area
E r of the chromatogram obtained when a plot of elution

volume versus RI signal is constructed.
Figure 1 Preparative GPC system. Sample intrinsic viscosity is the ratio of specific

viscosity to concentration as the concentration ap-

The system has the following advantages over proaches zero. The polymer solution eluting the SEC
are very dilute; thus, the ratio of instantaneous spe-conventional analytical scale SEC systems: cific viscosity to instantaneous concentration closely

" Corrections for fluid volume between detectors approximate an instantaneous apparent intrinsic

is not necessary. The volume between detectors viscosity, [4].pM:

is very small and becomes insignificant at the
high flow rates used in the larger-scale prepar- [ ]a -/,/Ci (3)
ative SEC system. The apparent intrinsic viscosity, calculated using ,

" The data are acquired at 1-2 minute intervals eq. (3), must be corrected for the shear thinning or
and the value stored is the average during the pseudoplastic flow behavior of a dilute polymer so-
period. A date file consists of several hundred lution3 A true intrinsic viscosity must be measured
average values. Therefore, the system has min- at low flow conditions that approach a zero shear
imal sensitivity to small flow-rate fluctuations. rate in the tube. Estimation of the true intrinsic

" Because of the preparative nature of the system viscosity from the apparent intrinsic viscosity, wh" ,h
and the presence of damping coils, fluid pres- was measured at 400 s-' tube shear rate (j), was
sure pulsations from the pump are significantly accomplished using a modification of a dilute poly-
damped. There is no further need to "smooth" mer solution rheological equation developed by
the raw signal from the on-line differential Bueche4:
pressure transducer.

[171.p,, = ht

DATA ANALYSIS - V12E,/(RTKi/C) [,]3/2 V (4)

The eluent viscosity detector can be used to deter-
mine the instantaneous specific viscosity, %,,, of a In eq. (4), E is a constant having a value of 0.694,
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T is the absolute temperature, R is the gas constant, Furthermore, a continuous SEC calibration plot
io is the solvent viscosity, and "a" and "K" are the can be constructed by injecting a single polydis-
Mark-Houwink constants for the polymer-solvent persed sample whose Mark-Houwink "K" and "a"

system. All the parameters enclosed by a square root values are known. After calibration, an uncharac-
are known. Thus, [ ]i can be calculated from terized random coil polymer can be injected into the
measured [i/], values by using Newton's iterative SEC system and the RI signal obtained versus time
method. The Bueche relationship has been subject (or equivalent elution volume) can be converted to
to some controversy regarding validity'; however, an MW distribution using the calibration curve.
in this application, the shear correction produced From the known calibration curve, the hydrody-
true intrinsic viscosity values that were no more than namic diameter corresponding to any elution volumn
10% greater than the apparent intrinsic viscosity. (or partition coefficient value) can be established.
Also as expected, the correction for the applied shear As shown by eq. (8), each hydrodynamic diameter
rate, 400 s - 1, was insignificant for solutions of low has an MW that can be calculated by a rearrange-
MW polymers. ment of eq. (6a):

The overall polymer sample intrinsic, [4],, was
calculated from the sum of all fraction contributions: d

M = 1[?lre(8)

['1, = [ ( 1 treiA ) (CV AV,) (5)

As shown by eq. (9), the relative number of mole-
cules that parallel each molecular weight, Ni, can

CALIBRATION be calculated from the concentration, Ci, obtained
from the RI signal [see eq. (2) 1:

The instantaneous hydrodynamic diameter of a
random coil polymer in each aliquot, di, can be es- Ni = CiAVl/Mi (9)
timated from the knowledge of the instantaneous
true intrinsic viscosity6: Utilizing the above methodology, a molecular weight

distribution (MWD) showing Ni versus Mi can be
d, = 5 ([l]tm.M) 1/3 (6a) constructed for any unknown polymer sample.

i]= 5n't,/K)I 3
. (6b)

In eq. (6a), the molecular hydrodynamic diameter RESULTS AND DISCUSSION
is expressed in angstroms and the intrinsic viscosity
is in units of deciliters per gram. As indicated in eq. Figure 2 displays two calibration curves obtained
(6b), Mark-Houwink "K" and "a" values can be experimentally using polyethylene oxide and poly-
used to relate hydrodynamic diameter directly with acrylamide samples. Both curves are very similar
intrinsic viscosity. and show the expected linear relationship between

The fraction of packing micropore volume pen- Ln (K) and d. The deviation of the polyacrylamide
etrated by a molecule eluting at fluid volume, V,, or curve in the smaller hydrodynamic size region and
the partition coefficient is given by the slight curvature are probably due to the inability

of a single set of Mark-Houwink values to relate
Ki = (V,, - Vo) / ( V - V0 ) (7) accurately MW to intrinsic viscosity at the extremes

of an MWD. The Mark-Houwink values used were
In eq. (7), Ki is the partition coefficient associated those recommended for polymers having very high
with V,,, the instantaneous elution volume. Vo is MWs (Table I).
the packing interstitial volume, and V, is the total The calibration curves show that the separation
packing permeation volume. Vo and V, values can of water-soluble macromolecules having hydrody-
be experimentally obtained. namic sizes up to 3500 A can be accomplished. Thus,

From the above relationship, an SEC calibration coupling of RI and viscosity detector information
plot of hydrodynamic diameters versus the natural has enabled rapid calibration of SEC systems with
logarithm of the partition coefficient can now be polydispersed polymer samples. After calibration,
constructed.7- A semilog calibration plot that shows the procedures explained in this paper can be used
the relationship between natural logarithm of par- to obtain MWD information on random coil poly-
tition coefficient versus the hydrodynamic diameter mers and copolymers that have unknown Mark-
is expected to be approximately linear.9 Houwink "K" and "a" values.
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Figure 2 Calibration curves for the aqueous SEC system.

Mark-Houwink "K" and "a" values can be es- fractionating polyethylene oxide and polyacryl-
timated for polymers by having a calibration curve. amide. The SEC system has the ability to fractionate
This can be accomplished by fitting d, versus K. polydisperse water-soluble polymers in large vol-
values obtained using a given set of Mark-Houwink umes of narrow MW fractions, enabling the study
constants to the calibration curve. Subsequent ad- of rheological and dilute solution flow behavior on
justment of the "K" and "a" values can be made aqueous polymers with narrow MWD.
until a best fit to the calibration curve is obtained.
The reader is referred to a recent publication by REFERENCES
Price et al. for the details of a similar procedure."'

1. A. C. Ouano and J. A. Baker, Separation ScL, 8, 673
(1973).

SUMMARY 2. J. Lesec and C. Quivoron, Analusis, 4,399 (1976).
3. C. E. Lundy and R. D. Hester, J. Poly. ScL A(24),

A chromatographic system capable of separating 1829-1838 (1986).
high Mhro atrpicsystemble polyfers hasbear 4. F. Bueche, J. Chem. Phys., 22(9), 1570-1576 (1954).
high MW water-soluble polymers has been con- 5. &. B. Bird, C. F. Curtiss, K. C. Armstrong, and 0.
structed and calibrated. Calibration was achieved Hassager, Dynamics of Polymeric Liquids, VoL 2, John
by coupling data from both refractive index and vis- Wiley & Sons, New York, 1987, p. 161.
cosity chromatograms using polydispersed samples. 6. A. R. Weiss and E. Cohn-Ginsberg, J. Polym. ScL
The SEC system was found to have a resolution that Polym. Lett. Ed., 7, 379 (1969).
ranged from 500 to 3500 A in hydrodynamic diam- 7. IL D. Hester and P. H. Mitchell, J. Polym ScL A(18),
eter. The system has been successfully utilized in 1727-1738 (1980).

8. . D. Hester and P. H. Mitchell, J. Liq. Chrom., 7(8),
1511-1536 (1984).

Table I Mark-Houwink Constants for 9. R. N. Bracewell, The Fourier Transform and Its Ap-
Polyacrylamide (PAM) and plicaticn, 2nd Edition, McGraw-Hill, New York, 1986,
Polyethylene Oxide (PEa) at 30C p.3739pp. 307-309.

Polymer a value K value X 1V (dL/g) 10. J. Brandrup and E. H. Immergut, Eds., Polymer
Handbook, Wiley, New York, 1975, pp. IV-9, IV-23.
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ABSTRACT: Hydrophobically-modified, water-soluble polyelectrolytes have been prepared by a micellar
technique from acrylamide, n-decylacrylamide, and a third monomer, sodium 3-acrylamido-3-methylbu-
tanoete, sodium acrylate, or sodium 2-acrylamido-2-methylpropanesulfonate. These terpolymers exhibit
rheological behavior dependent upon the terpolymer composition, nature of the charged monomer, ionic
strength, and pH. Although the hydrophobic monomer is incorporated in low concentration, the associative
effects are profound, with some compositions maintaining high viscosity in NaCI concentrations of up to 0.514
K. Hydrophobic associations in terpolymers with the carboxylate anion are stronger than those in structurally
analogous terpolymers containing the sulfonate anion, especially at high NaCI concentrations. Within the
carboxylate series, copolymers with the carboxylate group closer to the polymer backbone exhibit greater
viscosity increases with added electrolyte above the critical overlap concentration, C*. Presence of carbox-
ylate or sufonate groups farther from the macromolecular backbone disrupts to a greater extent such
hydrophobic associations.

Introduction properties were determined by low-shear visometry in

Studies in our laboratories have focused on developing deionized water and sodium chloride solutions.

macromolecules that can maintain or increase the viscosity Experimental Section
of aqueous solutions in the presence of mono- or multi-
vahmtelsectrolyte s1-1 Suchpolymersmayhave important Materials. Acrylamide (AM), obtained commercially from
commercial applications in enhanced oil recovery, drag Aldrich Chemical Co, wasrecrystallizedtwicefromacetoedried

reduction~fluatn dr under vacuum, and stored in a desiccator prior to use (rap 81-64
C). Acrylic acid, also obtained from Aldrich, was purified by

and coatings formulations. Hydrophilic polymers con- vacuum distillation in the presence of cupric sulfate to remove
tin a small number of water-insoluble groups can inhibitor prior to use. 2-Acrylamido-2-methylpropanesulfonic
undergo microphame separation and associations in aque- add (AMPS) was obtained from Fluka Chemical Co. and re-
ous solution.1117  cyrstallized twice from a mixture of methanol and 2-propanoL

Recent work by our research group involved the syn- n-Decylacrylamide'" (C1OAM) and 3-acrylamido-3-methylbu-
thesis and characterization of copolymers ofandpurifiedbypreviotly

with copohlyes of 8 ,and reported methods. The monomers (Figure 1) were polymerizedwith n-aikylacrylamnids with alkyl lengths of 8, 10, and in their sodium salt form.
12 carbons. These polymers exhibit microheterogeneous Potassium perslfate from J. T. Baker Co. was recrystallized
associative behavior with the incorporation of <1 mol % twice from deionized water prior touse. Sodium dodecyl sulfate,
of n-alkylacrylamide.i-s1 While such copolymers yield received from Aldrich Chemical Co., was used without further
high-viseity solutions in the presence of added electro- purification. Reagent grade sodium chloride from Fisher Sc-
lytes above a critical concentration, they are difficult to entific Co. was used without further purification. All aqueous
hydrate from the dry state. To enhance dissolution and solutions were prepared using deionized water.
provide potential sponvn to salt or pH changes, Polymer Synthesis. The incorporation of water-soluble and
terpolymers containing acrylamide (AM), 0.5 mool % of water-insoluble monomers into the polymer backbone was
n-decylacrylamide(C1OAM)asthehydrophobicmonomer, accomplished by a micellar polymerization method.16 In this
and sodium 3-acrylamido-3-methylbutanoate (NaAMB), technique use of a surfactant is necessary to solubilize the
sodium acrylate (NaA), or sodium 2-acrylamido-2-meth- hydrophobic monomer. Sodium dodecyl sulfate (SDS) was

chosen as the surfactant in this instance. Each reaction was
~ (NaAMPS) were nth ied ' 'Two conducted in a 500-mL, three-necked, round-bottomed flask

carboxylate monomers and one sulfonate monomer were equipped withamechanical atirer, nitrogen inlet, and andeser.
selected to evaluate the differences in pKB of pendent The appropriate amount of ionizable monomer was placed in
anions and to observe the influence of the distance of the deionized water, and the pH was adjusted to 9 with NaOH to
charged group from the polymer backbone. Rheological form the water-soluble salt. This amount was recorded and the

0024-9297/92/2225-1201$03.00/0 0 1992 American Chemical Society
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CH 2 CH CH 2 -CH CH2 "CH CH 2 -CH CH 2 "CH Results and Discussion
I I I I I
C=0 C=o C-o C=o Electrostatic interactions and hydrophobic effects for
I I I I I -
NH2  NH NH NH 0 Na copolymers of the type prepared in this study may lead

I I I to microheterogeneous phase separation of important
(GH2 )9 CH-C-CH3  CHF-C-CH3  consequence in aqueous solution. The electrostatic in-

CH3  CH 2  CH2  teraction of carboxylate or sulfonate groups along theI I +
c-0 S03Na backbone generally increase the hydrodynamic volume
I- + while hydrophobic moieties aggregate in aqueous solution

o a by intramolecular (closed) or intermolecular (open) as-

AM CIO AM NaAMB NaAMPS MA sociations dependent upon polymer microstructure, con-
Figure 1. Structures of monomers used to prepare terpolymers. centration, and molecular weight. Proper selection of

synthetic conditions can lead to technologically important
Table I systems responsive to changes in pH or electrolyte

Copolymer Comparison of ClOAM Terpolymers from concentration.
Elemental Analysis Neglecting C lOAM Feed Composition. Three series of terpolymers were

feed ratio elem anal. polym comp, mol % prepared by a modified micellar polymerization technique
sample Mi:M? % C % N Mi  M2 reported in the patent literature by Turner, Siano, and

NaAMPS-40 b  59.6:40 39.39 10.12 68.8 31.2 Bock.16 The reaction conditions (Table I) were chosen to
NaAMPS-25 74.5:25 42.01 11.18 65.6 34.4 have feed compositions of 0.5 mol % of the hydrophobic
NaAMPS-10 89.5:10 45.17 14.37 83.7 16.3 monomer C10AM, specified (5, 10, 25, and 40 mol %)
NsAMPS-5 94.5:5 41.25 14.64 92.5 7.5 concentration of the anionic monomer, NaAMB, NaAMPS,

NaAMB-40 59.5:40 48.90 12.34 67.0 33.0 or NaA, and the remainder AM. Our initial objectives
NaAMB-25 74.5:25 45.67 12.80 76.9 23.1 were to achieve an associative viscosifier with properties
NaAMB-10 89.5:10 48.80 16.17 89.6 10.4 of the uncharged C10AM/AM copolymer previously pre-
NaAMB-5 94.5:5 45.85 16.09 93.9 6.1 pared19 but with pH or electrolyte responsiveness. Ad-

NaA-40 59.5:40 41.50 11.94 73.9 26.1 ditionally, it was our desire to assess the roles of the
NaA-25 74.5:25 42.43 13.19 79.7 20.3 carboxylate and sulfonate groups on hydrophobic domain
NaA-10 89.5:10 45.00 15.33 87.2 12.8 disruption.
NaA-5 94.5:5 45.11 16.11 94.4 5.6 Terpolymer Composition. Data from elemental anal-

, M AM; M2 = NaAMPS, NaAMB, or NaA. 6 Feed composition ysis show agreement between feed ratios and copolymer
of ionizable monomer. composition up to 20 mol % of the anionic monomer (Table

I). Above 20 mol %, the incorporation likely decreases as
solution diluted to a final volume of 230 mL (13.0 mo). The electrostatic repulsions between structopendent charged
acrylamide monomer was dissolved in this solution, placed in a groups of the growing polymer chain and charged monomer
round-bottom flask, and was deserated with purified nitrogen units become significant While the incorporation of
for 30 min. Surfactant (7.93 g, 2.8 X 10-2 mol) and 0.109 g (5.2 C10AM cannot be determined by conventional methods
X 10-4 mol) ofC10AM monomer were then added, and thesolution such as elemental analysis or NMR, Valint et al.24 have
was heated to 50 OC with stirring under a nitrogen atmosphere.
Potassium persulfate (0.005 g, 1.8 X 10- mol) dissolved in 5 mL shown >85 % incorporation of a chromophore-labeled
of deionized water was added for a total water volume of 235 mL hydrophobic monomer by ultraviolet spectroscopy. Ter-
and a total monomer concentration of 0.44 M. The polymer- polymers with ionizable monomer feed compositions of 5
izations were conducted for 4-6 h followed by dilution with an and 25 mol % are representative samples of a low-charge-
equal amount of water and precipitation into acetone. The densityandahigh-charge-densityterpolymer, respectively.
polymers were washed extensively in acetone and then dried Terpolymers (Table 1) are named according to the type
under vacuum for 24 h. Molecular weights for four acrylamide and concentration of ionic monomer present For example,
bomopolymers prepared under the above conditions were de- the terpolymer with a feed composition of 0.5 mol %
termined to he from 1.0 x 10' to 1.5 X 10' by light scattering. C1OAM, 94.5 mol % AM, and 5 mol % NaAMB is referred
Associative interactions precluded meaningful molecular weight as NaAMB-5.
measurements for the hydrophobically-modified terpolymers;
however, molecular weights would he expected to be in the same Solution Studies. Apparent viscosity (%, in cen-
range. tipoise) is plotted as a function of polymer concentration

Polymer Composition. Elemental analyses for carbon, (grams per 100 mL or g/dL) and of solution ionic strength
hydrogen, and nitrogen content of the terpolymers were con- ([NaCI]) in three-dimensional plots to clearly illustrate
ducted by M-H-W Laboratories of Phoenix, A. In addition, solution behavior. Reduced viscosity (Vd in deciliters
sulfur analyses of representative samples (of polymers not per gram) is plotted as a function of polymer concentration
containing NaAMPS) were performed to confirm the absence of for each polymer sample at specific NaCl concentrations
residual surfactant (Table I). The low amount of C1OAM to further illustrate rheological changes (Figures 2-7).
incorporated into the polymer could he neglected in elemental NaAMPS Terpolymers. Both NaAMPS-5 and
analysis calculations without indtcing significant error. NaAMPS-25 show typical polyelectrolyte behavior at low

Viscometry. Stock solutions of sodium chloride (0.085, 0.170, solution ionic strengths (Figures 2 and 3). The apparent
0.257, 0.342, and 0.514 M) were prepared by dissolving the viscosities of both systems are high at low ionic strength,
appropriate amount of salt in deionized water contained in vol- characteristic of typical hydrated polyelectrolytes. Vis-
umetrfilasks. Polymer samples were dissolved by gentle shaking
on an orbital shaker for 14 days to allow complete hydration csity then decreases with increasing ionic strength as the
before further dilutions of these stock solutions were made. charged groups are shielded by the addition of NaCI.

Viscosit experiments were conducted on the Contraves LS However, above a critical polymer concentration (CO), %wp
30 low-sheer rhometr at a shear rate of 6 s- at 30 *C. The and 7,d of NaAMPS-5 increase with increasing solution

upper limit of the Contraves is 250 cP at a shear rate of 6 -. ionic strength above 0.26 M NaCl, atypical of traditional
Several polymers exceeded this value in the concentration range polyelectrolytes (Figure 2). The low-charge-density poly-
investigated. These polymer solutions were gels, and a value of mer (Figure 2b) shows a linear increase in 7r only for the
250 cP was assigned to them for graphical purposes. low ionic strength solution. At higher ionic strength, iqm
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Figure L. (a, Top) %w~ msa ftnction of polymier cocnrto and solution ionic strength for the NaAMPS-25 terpolymer. (b,
andl solution ionic strength for the NaAMPS-6 terpolymer. (b, Bottom) *w, versus polymer concentration for the NaAMPS.25
Bottom) vw veru polyunwe concentration for the NaAMPS- terpolymer at ive different solution ionic strengths.
terpolyiner at five dfent souto ioi strengths. The NaAMB-25 terpolymer (Figure 5) behaves in a

increases rapidly, indicative of interpolymer asoitos different manner from NaAMB-5. The higher poyer
mU lihr deat N MPS-25 1oye shw charge density results in a more expanded coil at low

linbeiora 5 ualiontregh poym~aer- ppr solution ionic strength. Initially, coil collapse due to ionic
ently the increased charge dniyeffectively prevents shielding occurs with increasing NaCi concentration

hydrphobc agregtion(Fiure ) bydisuptig foer lowed by an increas in viscosity. The NaAMB-25 curve
hydcrophoi g g egtion (fr bysoitive thicein does not exhibit the maximum seen in the low-charge-

dteucttr orderier secstea, foresin associative ectoly
behavior.to effectively reduce charge-charge repulsions. Reduced

NaAMB Terpolyim. T'he NaAMB terpolymers viscosity solution behavior Is inear for the high-charge-
exhibit unusual behavior as demonstrated by an increas density NaAMB-25 polymer up to a concentration of 0.15
inappmontvhoitywithnceiingslutionionctent g/dL. Above this concentration the polymers associate
(Figures 4a and 5a). The NaAMB-5 terpolymer does not and %w. increases exponentially.
show associative behavior at NaCl concentrations less than N&ATerpolymers. An initial decrease and the leveling
0.17K M7'Teelectrostaticrepulsionsof the NaAMB groups of apparent viscosity with increasing ionic strength at high
aresufflcient to prevent interpolymer aggregation through concentration are observed for NaA-5 (Figure 6a). The
hydrophobic associations. At 0.26 M Ned, however, a polymer has nonlinear reduced viscosity solution behavior
rapid increase in apparent viscosity is observed above 0.10 at all ionic strengths (Figure 6b). The higher-charge-
g/dL6 indicative of assciative behavior. In 0.51 M NaCl, density polymer (NaA-25) has low viscosity in low ionic
no further aggregation occurs above 0.10 g/dL However, strength solution, and apparent viscosity rapidly increases
because the col further collapsed by the large excess of with increasing salt solution to form gels with viscosities
NaCl, apparent viscosity is lower than that of the polymer greater than 250 cP (Figure 7a). Similar behavior is seen
in 0.34 MNaCLIlk T salso is clearly illustrated in the in the Vdplot;viscosity increases even more rapidly at
reduced viscosity plots for the NaAMB-5 polymer, where higher ionic strength (Figure 7b).
liner behavior is observed only for the 0.17 M NaCl Comparison of the NaAMIPS, NaAMB, and NaA
solution. Above 0.17 M NaCI, q,.j again increases non- Teirpolymers. NaAMPS terpolymers demonstrate as-
linearly, indicating associative behavior (Figure 4b). sociative behavior only at low charge densities and
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ndution ionic strength for the NaAMB-6 terpolymer. (b, and solution ionic strength for the NaAMP-25 terpolymer. (b,

Bottom) *w versus polymer concentration for the NaAMB-5 Bottom) %. versus polymer concentration for the NaAMP-25
terpolymer at five different solution ionic strengths terpolymer at five different solution ionic strengths.

moderate-to-high ionic strength. However, for the NaAMB
andNaAterpolymesapparntviscosityincreaseslinearly aqueous solution behavior from that of a typical poly-
with sample concentration up to acritical value of solution electrolyte at higher ionic strengths; the nonpolar n-decyl
ionic strength. Above this NaCI molarity, the viscosity groups are excluded from the polar environment, re-
exponentially increases with polymer concentration, in- sulting in network formation. The onset value of inter-
dicative of intermolecular hydrophobic association. The action at low C* values has yet to be explained; however,
salt concentration necessary for this transition is higher Israelachvili et LY. and Pashley et aLn have demon-
for the NaAMB polymer than for the NaA polymer. It is strated long-range attractive interaction of crossed cyl-
also apparent that the terpolymers containing NsA have inders of hydrophobically-modified mica surfaces. They
much higher viscosities than the other systems investi- reported attractive forces 10-100 times stronger than
gated. expected van der Waals force over distances up to 10 nm,

Coneptual Models. At low ionic strength and high These forces decay exponentially with a force proportional
charge dansity, the electrostatic repulsive forces dominate to exp(-D/1.0).
the polymer solution behavior and all the polymers act as In our terpolymer systems, as the charge density
polyoleftolytes with simila viscosities. Armstrong and decreases and solution ionic strength increas, the else-
Stratuss have depicted a typical polyelectrolyte as an trostatic potential along the polymer chain decreases,
extended chain with the ionic atmosphere projecting out allowing long-range hydrophobic attractions well below
radially to a distance on the order of the Debye-Hfcke that of C* for unmodified polyacryiamida) 0 Israuachvili
shielding length (K-1) where for a 1:1 simple electrolyte x-I has predicted aggregation for charged, hydrophobically-
= 0.304/s/ (eg., for a 0.1 M NaCI solution x = 0.1 nm). modified colloid particles where the Debye-Hfckel pa-
The entire chain may be envisioned as enclosed by a tube rameter approaches the decay length of 1.0 nm for
with an average diameter of 2t - 1. Even in excess elec- hydrophobic associations corresponding to a solution ionic
trolyte, where the chain may form a random coil, the local strength for NaCI of 0.1 M.28 This is consistent with our
geometry may be represented by the above model if the finding that significant associative behavior occurs only
radius of curvature is greater than 2K-1.  at ionic strengths greater than or equal to 0.17 M NaCL

The presence of pendent CIOAM hydrophobic groups Strauss et al. observed similar behavior with poly(4-
along the polymer backbone apparently changes the vinylpyridine) derivatives3 2 hydrophobically modified
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Figure 6. (a, Top) q., as a function of polymer concentration Concentration (g/dL)andesoutio ionic streath for the NaA-5 terpolymer. (b, Bottom)dversus polymer concentration for the NaA-5 ter r at Figure 7. (a, Top) Vpj as a function of polymer concentration
five different solution ionic strengthse and solution ionic strength for the NaA-25 terpolymer. (b,

Bottom) vd versus polymer concentration for the NaA-25 ter-

with ethyl and dodecyl side chains. Low hydrophobic polymer at five different solution ionic strengths.

group incorporation resulted in polymers that displayed NaAMB and NaA polymers, on the other hand, show
intermolecular association above C*; with increasing ationasionicshieldingcausecoapeoftheDebye-
hydrophobic group incorporation, the polymers associated a
intramolecularly, resulting in polysoaps. Above a critical Hfickel radius. The much higher viscosities of the NaA
polymer concentration, sufficient hydrophobic groups were terpolymers may also be explained by the thickness of thepresent to associate in either an inter- or an intramolec- Debye ionic layer. The NaAMB and NaAMPS mers are
pars on T e associatio an e o r aun hyrao c farther from the polymer backbone and may interfere with
ular fashion. The associations of bound hydrophobic hydrophobic association more than the NaA mer. Ad-
groups were discussed in terms of a critical micelle ditionally, the gem-dimethyl groups of the NaAMB and
concentration similar to that for small-molecule surfac- NaAMPS may have sufficient hydrophobic character to
tant. Atlow dodecyl group incorporation, an insufficient disrupt associations of the n-decyl groups into stable mi-
number of hydrophobic groups are present on any indi- celle-like domains (Figure 8).
vidual polymer chain to form a stable ensemble. When
a critical polymer concentration is reached, the polymer Conclusions
chains associate to form an intermolecular network in the
aqueous system. Associative polymers of acrylamide and n-decylacryl-

The association of polymer chains results in a rapid amide with sodium 3-acrylamido-3-methylbutanoate, so-
increase in apparent molecular weight (M,,,). Below this dium acrylate, or sodium 2-acrylamido-2-methylpropane-
critical molecular weight, %. and vd increase in a linear sulfonate have been prepared by a micellar technique.
fashion, and reduced viscosity as a function of concen- The NaAMPS terpolymers display typical polyelectro-
tration may be plotted according tothe Huggins equation.3 lyte behavior at low solution ionic strength and high charge
AboveacriticalM (Mjviscosityincreasesexponentially density. The sulfonate groups are not sufficiently shielded
instead of linearl as seen by the increases in both by the Na counterions to prevent electrostatic repulsions
apparent and reduced viscosity (Figures 2-7). and hydrophobic aggregation at charge densities of 25 mol

The terpolymers containing NaAMPS are the least %. The NaAMB and NaA terpolymers exhibit associative
affected by changing ionic strength, reflecting the soft properties at lower ionic strengths and higher charge
nature of the sulfonate anion. The carboxylate anions of densities due to hydrophobic associations among the decyl
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Copolymers with Pendent Naphthyl
Chromophores

C. L. McCormick, C. E. Hoyle, M. D. Clark & T. A. Schott

University of Southern Mississippi, Department of Polymer Sciences.
Box 10076, Southern Station, Hattiesburg. Mississippi 39406-0076, USA

(Received 25 October 1990: revised version received 5 April 1991; accepted 13 May 1991)

Abstract: The effect of solvent on the formation of excimer from copolymers of
2-(I-naphthylacetyllethylacrylate (NAEA) with both acrylamide (AM) and N-vinyl
pyrollidone (VP) in dilute solution was investigated. A minimum in excimer
intensity was observed for each of the copolymers at approximately 2.20 x 10'
(J/m 3 )0 5. It is suggested that the relatively high content of NAEA in the copolymers
(between 30 and 60%) governs the overall solubility parameter of the polymer.

Key words: naphthalene-containing copolymers. photophysical studies, solubility
parameter, excimer.

INTRODUCTION come into close contact with one another, thus facilitating
an increase in excimer formation (Fig. 1). In 1969,

Excimer formation in polymers containing covalently Nishihara & Kaneko found a linear relationship between
bound chromophores has been used extensively to study excimer intensity (expressed as the excimer to monomer
polymer structure and mobility in solutions.1'2 In dilute intensity ratio, I/IM) and the intrinsic viscosity for
solutions, the distinguishing feature of polymer excimers polystyrene. Excimer fluorescence has also been used to
is that they are independent of concentration and are determine the Hildebrand solubility parameter of pyrene-
therefore totally intramolecular in nature. For isolated labelled polystyrene copolymers of different molecular
polymer coils, excimer intensity is directly related to weights.' In this work the authors have employed such
conformational constraints in a particular solvent system. techniques to determine the apparent solubility param-
In a good solvent, for example, excimer formation is eters (J/m3)0 5 of copolymers containing 30-60mol% of
largely due to interactions between adjacent chromo- pendent naphthalene chromophore units.
phores. In a poor solvent, the tighter coiling of the
polymer chain causes non-adjacent chromophores to EXPERIMENTAL

oThe synthesis and characterization of both 2-(1-naphthyl-

good solvent N acetyl)ethylacrylate (NAEA) and its copolymers with
acrylamide (30-3 and 48.6mol% NAEA) and vinyl

poor solvent N N pyrollidone (59-6moi% NAEA) have been reported

N previously.' All solvents (Table ) were spectroscopic
grade and were used without further purification.

excimer emission monomer emission Hildebrand solubility parameters (J/m3)0 5 for these

Fig. 1. Schematic of solvent effect on excimer formation in solvents were obtained from the literature.6 Molecular
dilute polymer solutions. weights of the polymers, as determined by membrane

63
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excimer intensities were measured at 330 and 400 nm,
respectively, using a Perkin-Elmer 650-10S spectro-

CO R photometer.

0I RESULTS AND DISCUSSION

C;H 2 CHt2-O--C-CH 2  QI The reactivity ratios for both the NAEA-AM and the

0 NAEA-VP comonomer pairs (Table 2) were determined
from copolymer compositional data (UV absorbance and

0 elemental analysis). These ratios, which may be employed
11 to determine microstructural characteristics of copoly-

R = -- C-NH2, -Nn mers, suggest that NAEA-AM copolymers and
NAEA-VP copolymers possess distinctly different micro-

AM VP structures. That is, the product of the reactivity ratios

NAEA copolymers (rr 2 ) indicates that the AM copolymers are almost totally
random (rlr2 = 1) while the VP copolymer displays a high

osmometry, were found to be approximately 60 x 10W. tendency toward alternation (r~r2 << 1).
Studies of lE/lI for these polymers in several differentThe polymer solutions were prepared as follows.

solvents demonstrate a somewhat expected dependence
Approximately I mg of polymer was added to a vial

on the nature or solubility parameter (5) of the solventcontaining 20 ml of solvent and was stirred at room
temperature for 24 h. Each solution was filtered using a
Teflon filter. No indication of polymer fractionation or CBzClz
incomplete dissolution was evident. As determined from
UV measurements, the concentration of polymer was
such that the concentration of chromophore in the .n
solution was < 10-' mol/litre. Samples were purged with
nitrogen for at least 10min prior to emission measure-
ments, and all measurements were made at 25°C. The
wavelength of excitation was 280nm. Monomer and

TABLE 1. Hildebrand solubility parameters for the
solvents used in this study

Solvent 6 (J/m 3)'x 10-3

Ethanol 26.0
Dimethylformamide 24-8
Dimethylsulfoxide 24.6
Dimethylacetamide 22.1
Ethylene chloride 20.1 , ,
Methylene chloride 19.8 300 360 420 4W
Chlorobenzene 19-4 Wavelength (nm)
Benzene 18.8
p-Xylene 18.0 Fig. 2. Steady state fluorescence spectra of NAEA(59-6)-VP in

dimethylacetamide (DMAC) and methylene chloride (CH.CI2 ).

TABLE 2. Reactivity ratios for copolymerization of NAEA

Copolymerization conditions and r, r2 rr2 Correlation
r,-r calculation method coefficient

NAEA(M,)-AM(M 2) (DMF, 65°C, AIBN)
Fineman-Ross method 1.00 0.86 0.86 0-983
Kelen-Tudos method 1-10 0.93 1.02 0-982

NAEA(M)-VP(M,) (DMF, 65-C, AIBN)
Fineman-Ross method 0.43 0-02 0.01 0-997
Kelen-Tudos method 0-44 0-02 0-01 0.995

POLYMER INTERNATIONAL VOL. 27, NO. 1, 1992
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Fig. 3. Effect of solvent solubility parameter on excimer/ Fig. 4. Effect of solvent solubility parameters on excimer/
monomer ratio for NAEA-AM copolymers. monomer ratio for NAEA-VP copolymer.

(Fig. 2); however, the apparently similar solution behavior ACKNOWLEDG EM ENTS
that is observed for the three diffeent copolymer systems
is quite surprising. As the solubility parameter of the The authors gratefully acknowledge the United States
solvent is increased, a minimum in excimer intensity is Department of Energy, Office of Naval Research and the
observed at 6 of approximately 2-20 x 10, (J/m3)0 5' for Defense Advanced Research Projects Agency for partial
both the AM copolymers (Fig. 3) and the VP copolymer funding of this research.
(Fig. 4).

From these results, it may be concluded that each of
these three copolymers has an apparent solubility REFERENCES

parameter of 2-20 x 10' (J/m 3)°0 s . It is important to
consider the fact that all three copolymers contain a I Guillet, J. E., Polymer Photophysics and Photochemistry. Cambridge

relatively high concentration (30-60%) of the NAEA University Press, 1985.
2 Semerak, S. N. & Frank, C. W, Adv. Polym. Sci. 54 (1983) 31.

monomer. One explanation for the apparent similarities 3 Nishihara, T. & Kaneko, M., Makromol. Chem, 124 (1969) 84.

of the three polymers is that the naphthalene moiety, 4 Li. X. Winnik. M. A. & Guillet, J. E., Macromolecules, 16 (1983) 992.
which has a solubility parameter of 2-03 x 10 (J/m 3)° '5 , is 5 McCormick. C. L. & Kim, K, J. Macromol. Sci.--Chem, A25 (1988)

285.
primarily responsible for the observed solubility charac- 6 Bandrup, J. & Immergut, E H. (Eds), Polymer Handbook, 2nd edn.

teristics. Wiley-Interscience, New York, 1975.
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ABSTRAC'l' Pyrenesulfonamide-labeled model associative polymers have been prepared via copolymer-
izationofacrylamidewith0.5mol %N-[(1-pyrenylsulfonamido)ethyllacrylamide. Synthesis of this monomer
and details of copolymerization with acrylamide via surfactant and solution copolymerization techniques are
described. The microheterogeneous suufactant technique yields a copolymer which exhibits intermolecular
associative behavior in aqueous media as demonstrated by rheological and steady-state fluorescence studies.
Conversely, classical light scattering studies indicate the compact nature of the copolymer prepared by the
homogeneous solution technique. Intramiolecular hydrophobic associations, indicated by a low second virial
coefficient and a small hydrodynamic volume, dominate rheological behavior.

Introduction 20.00
***S*AM

Microheterogeneous phase separation in hydrophobi- AM/CcAM
cally-modified water-soluble copolymers can be achieved
by appropriate structural tailoring, yielding systems with
unique rheological characteristics. Among such materials 15.00
are rheology modifiers known as "asociative thickeners" N2N
which dmonstate significantincreasesin viscosity above MZN

the critical overlap concentration, C*.l For example, the 2
copolymer of acrylamide containing 0.75 mol % n-decy- u10o
lacrylaraide prepared under suitable conditions2 exhibits
a 16-fold incease in apparent viscosity (Figure 1) as the
copolymer concentration increases from 0.05 to 0.20 g/d1L
Homopolyacrylamide, by comparison, prepared under the
same reaction conditions shows only a gradual increase in 5.00
viscosity with concentration.

Although associative thickeners based on hydrophobicA
modification of a number of polymer types including poly-A
acryaides, celiulosics, polyethiers, etc., have been re- 0.001........ ......... .i6.... 0........ .i
ported, the mechamniss responsible for their rheological 0.00 0.10 02 .0 04

behavior have yet to be fully elucidated. The low conlc. (g/di)
cocetrtinof "hydrophobes' and the nature of the Figure 1. Ilustratin fasoiative behavior of polyarlamide

interactions preclude study by traditional apectroscopic modified with 0.75 mol % n-decylacrylamide via surfactant po-
techinkiues such se IJ or NMR due to insufficient lymerzation.
resolution Photophysical techniques with appropriately
labeled copolymners, however, haebeen used by our group of lem than 1 X 10O7 mho/cmL Other starting materials were
and O"NeSA to study such systems. purchased commnerically and used as received. Solvents were

Inthis paper we reporteynthesis and solution properties raet-grade, unss otherwise noted.
of copoyMrs of acrylamide with N4(1.-pyrenylsulfona- Monomier and Model Compound Synthesis. N-[(l-Pyre-

midoethl~acylaide.Thepyreesufonaideomon- uylsulfonamidOethyllacry'lamide (5) and Its Preeursors
In)d~'lm'm tw "aaitie inthiesudy' itpoide s ao (Schems I and 11). Sodium I-Pyrenesulfouate (7).Amer meoves intocpcte nti tdi rvdsa literature methods was modified for the preparation of sodium

fluorecence label for photophysical maue ntand 1-pyrenesulfonate. Pyree (G; 47.60 g, 0.25 mob) was dissoved
it serves a the hydrophobic monomer. Under inlecte m nl, of CHCI,. Chooufonic acid (16 mL,, 0.2 mob
reaction coditinsdiscussedhereinassociative properties dissolved in 50 mL of CH2C12 was added dropwise to the pyretie
are observed. Thes subsequent paper in this series details solution with brisk stirring, at 0 *C, under a steady nitrogen
photophysical evideice for the associations. stream. The reaction promres was followed by TLC (CHsOH

eluent); 1-pyreneaulfonic acid appears at Rf - 0 while pyrene has
ExprienalSection a higher R1 value. The resulting dark-green solution was poured

Materials. Acry1amid (AM) was recrystallized rom acetone (with extreme caution) into 800 cin of ice and stirred, allowing
thre ties nd veuu-dnd atroo teperaureprir ~the CHCl, to evaporate over a 2-day period. This solution wasthre diiesandvacum-rie atroo tepertur pror o ue, iltredtwice through Celite to remove particulates; each timePyrsewas purified by flash chromatography (silica gel packing, the Celite pads were washed with I X 150mLofH11:. NaOH (10.0

CH&CI. elusut). NN-Dimethylformamide (DM1') Wil allowed g, 0.25 mob) was added as an aqueous solution. Aqueous NaCl
tostando migliover4-Amoculer seves and waste distilled (500 cms) was also added. The yellow sodium salt 7 wa
at reduced pressure 11,0 was deionized and had a condUctanice precipitated via slow solvent evaporation, filtered, and vacuum-

dried at 65 -C. Elemental analysis indicated that this product
tPreen addres SM science Research LAboratory, St. Paul, was a dihydrate and contained residual NaOK This salt was

MN 65144-1000. used successfully in the subsequent reaction without further

0024-9297/92/2225-1881$03.0010 0 1992 American Chemical Society
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Scheme I 5% NaCL The CH2C12 layer was slowly filtered through a pad
Synthesis of N-(-Pyrenylsulfonyl)ethylenediamine of MgS0 4 and then treated with 15 mL of 1.0 N HCl dissolved

Hydrochloride (9) in diethyl ether. The resulting fine pale-yellow precipitate was
, vacuum-dried at room temperature. TLC of this material (3:1

I CSCl/acetone eluent) exhibited only one component at R,=
0. HPLC purity was determined to be >99.9%. AnaL Calodfor

2.NO JL CsH,7  CL. C,59.92;H,4.72;N,7.77;S,8.89;CL,9.83. Found:
IL.J 0c C, 59.92; H, 4.59; N, 7.57; S, 8.64; Cl, 9.81. IR: 2800-3600 (NHr

C1 stretch); 3318 (HNSOz stretch); 3028 (aromatic CH stretch);
6 7 2912 (aliphatic CH stretch); 1325, 1159 (asymmetric and sym-

metric S=0); 1085 (SN stretch) cm-l. 3C NMR (DMSO-d4: 5
so'cl 38.61,39.87 (ethylene resonances); 123.06,123.28,124.15,126.77,

126.96, 129.63, 129.96, 130.40, 131.60, 134.05 (aromatic reso-
1.CMC nances).

, IThe free amine of 9 was prepared via addition of a concentrated
aqueous solution of a molar equivalent of NaOH to 9 dissolved
inthe minimum amountofDMF. After briefstirring, the solution

89 was poured into H20, which precipitated 9 in the free amine
form, designated here as 10. This yellow solid was washed with

Scheme I H2O and then vacuum-dried at room temperature. A downfield
Synthesis of shift of the ethylene resonances was observed in the 13C NMR

N-[(-Pyrenylsulfonamido)ethyl]acrylamide (5) spectrum, confirming the formation of the free amine. C NMR
(DMSO-ds): 6 42.62,46.03 (ethylene resonances); 123.20,123.46,

N " NM. 124.17, 126.77, 126.96, 129.70, 129.87, 130.53, 131.60, 134.05
9pc r k (aromatic resonances).6'.k 66N-[(l-Pyrenylsulfonamido)ethyllacrylamide (5). The syn-

- thesis of 5 is depicted in Scheme II. The amine hydrochloride
_10 salt 9 (1.0 g, 2.8 X 10 "

3 mol) and 1,8-bis(dimethylamino)naph-
oW. c thalene (1.19 g, 5.6 X 10-' mol) were stirred with 7 mL of DMF

under a nitrogen stream for 15 min at 0 OC. Acryloyl chloride
(2.2 mL, 2.8 X 10-2 mol) in 7 mL of DMF was then added drop-

9 wise to the amine solution. TLC (acetone eluent) was used to
follow the depletion of the starting amine (R, = 0) and the
generation of the product (R, - 0.70). After the addition was

( NK, complete, the reaction mixture was poured into 150 cm' of ice.
s oThe product precipitated overnight as a yellow solid, which was

subsequently filtered and vacuum-dried at room temperature.
Yield: 0.90 g (88%). Product recrystallization was performed
by dissolution of 0.9 g of 5 in 300 mL of boiling CH2CI2, decol-
orization with Norit RB 10.6 charcoal pellets, and filtration
through a Celite pad. Pale-green crystals formed, which were

5 recovered in 69% yield. Purity of this material was determined
tobe>99.9% viaHPLC. Anal. CalodforCuH ~S,. C,66.67;

purification. Yield. 51.0 g (71%). AnaL Caled for C1I4HO- H, 4.76; S, &47; N, 7.41. Found: C, 66.83; H, 5.00; S, 48; N,
SNa. C, 56.46; H, 3.85; S, 9.42; Na, 6.76. Found- C, 55.64; H, 7.49. I& 3050-3600 (NH stretch); 3370,3289 (HNSO2 stretch);
&15; , 9.33; Na, 8,71. IEL 3100-3700 (OH stretch due to HO); 3084 (aromatic CH stretch); 2938, 2864 (aliphatic CH stretch);
34 (aromatic CH stretch); 1194 and 1060 (asymmetric and 1659,1540 (amide Iand 1 bands); 1312,1159 (S-O asymmetric
symmetric 8-0 stretch) cm-1 . uC NMR (DMSO-d): 6123.72, and symmetric stretch) Cm11. "3C NMR (DMSO-d): A38.77,
124. 125.34, 126.26, 126.74, 1260, 12688, 12729, 127.69, 41.95(ethylenecarbons); 127.14,129.58(vinyliccarbons); 2.09,
130.11, 130.71, 131.9, 141.81 (all aromatic resonancdes). 123.32, 124.07, 124.27, 125.02, 126.63, 126.79, 126.86, 129.44,

l-PyrosulfonylChlorlde (8). Ahydrochloricacidaolution 129.73,130.36,131.44,132.23,133.88 (aromatic carbons); 16484
in diethyl ether (30 mL, 3 X 104 mol) was added to a slurry of (acrylamido ketone carbon).
7 (9.1 g, 3 X 10-1 mol) in DMF (200 mL) to generate the sulfonic Pyrsnesulfonamlde ModelCompounds. 2,-Dimethyi-N
acid. Thionyl chloride (22 ml., 0.18 mol) was then added drop- [(1-pyrenylsulfonamido)ethyl]glutaramide (3). Synthesis
wise. T1C with 3:1 CH2Clacetoe elunt showed the disap- of 3 required first the preparation of 2,4-dimethylglutaric
pearance of the starting material (RI - 0) and the appearance of anhydride, followed by amination with 10 (Scheme HI).
8(1t-0). Stirring ws continued for3 h, and then the solution 2,4-DimethylglutarleAnhydride(l1). 2,4-Dimethyiglutark
was poured into 400 cm' of ice. The orange-yellow precipitate acid (2.0 g) was added to 5 mL of acetic anhydride. Vacuum
was filtered and washed with 500 mL of H20. This material was distillation of this solution at 90 IC gave acetic anhydride as the
air-dried overnight on the filter and then vacuum-dried for 18 first fraction. The anhydride product 11 then distilled over as
hat 100 C. Yield: 7.7 g(85%). Mp: 172"C. AnaL Calod for a clear liquid which cooled to form a hygroscopic, hard white
Ci Ho)CL. C, 63W, H, &00, 8, 10.67; CL, 11.78. Found: C, solid. Although an IR of this product showed the presence of
686;H, &W;, 8,10.61; Cl, 1159. 1B 3107,3145 (aromatic CH some diacid (OH stretch 2500-3500 cm-'; C-O stretch due to
stretch); 1590 (SCI stretch); 1361, 1173 (asymmetric and sym- diacid at 1698 cm-'), this material was successfully used in
metric S-0) cm- . 13C NMR (DMSO-d: A 123.79, 123.V subsequent reactions without purification. Yield: 1.1 g (62%).
124.34, 124.K, 125.52, 126.40, 126.73, 126.99, 127.6, 127.91, UIL 3500-2500 (OH stretch duetoacid), 1794,1752 (asymmetrical
130.19,130.78,131.52, 141.56 (all aromatic resonances). and symmetricalanhydride ketone stretchingmodes); 1698, 1459

N-(l-Pyrenysulfonyl)ethyhuedamlne Hydrochloride (acid ketone stretching modes) cm-'.
(9). A modification of a literature procedure for the reaction of Synthesis of 3 (Scheme HI). The amine sulfonamide 10
acid chlorides with symmetrical diamines, via a high-dilution (0.75 g, 2.31 x 10-' mol) was dissolved in 6 mL of DMF. This
technique, was used for the synthesis of 9. Ethylenediamine solution was added dropwis to 11 (0.41 g, 2.54 x 10 moi)
(10.0 mL, 0.15 mol) was added to 1 LofCH2Cl2 and stirred rapidly dissolved in 2 mL ofDMF under NsatO C. The reactantmixture
at 0 OC under a nitrogen blanket. 8 (3.0 g, 1.0 x 10-2 tol) was was stirred for 5 h and then poured into 50 mL of saturated NaC
dissolved in I L of CHtCi, and added dropwise to the stirred solution, which was acidified (HCI). A yellow oil immediately
dimnine solution. After addition was completed (about 2 h), the formed. The HO was decanted and the product dissolved in 30
CHCI Iyer was extracted with 2 X 3 L of H2O and I x 2 L of mL of CH2Cl. Extraction of this solution with 50 mL of H2O
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Scheme III Scheme IV
Synthesis of Pyrene-Contalning Model Compounds 3 Synthesis of Copolymer I via the Surfactant

and 4 Polymerization Technique
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Synthesis of Pyrenesulfonamide-Labeled Polymers.
Poly[N-[(l-pyrenylsulfonamido)ethyl]acrylamide-co-

10 12 acrylamide] 1. SurfactantPolymerizationTechnlque, The
general method of Turner et aL was employed (Scheme IV).'
Monomer feed ratio in this copolymerization was 99.50 mol %

CH o AM to 0.50 mol % 5. The polymerization was performed by
OH CH adding 7.38 g (0.105 mol) of AM 7.92 g (2.74 X 10-2 mol) of

sodium dodecyl sulfate, 0.20 g (5.29 X 10-4 mel) of 5, and 235 g
of H 20 to a 500-mL flask equipped with a mechanical stirrer,
nitrogen inlet, condenser, bubbler, and heating bath. This
mixture was heated to 50 *C under a nitrogen purge. The stirring

4 ratewasmaintainedatapproximately60rpm. Allofthe monomer
5 had dissolved after 15 min; polymerization was then initiated

precipitated the product as a pale-green solid. TLC (CHsOH via syringe addition of 9.25 X 10-4 mel of KOs as a deaerated
eunt) gave aR- 0.82 for the product; traces of impuritiesnear solutionin2mLofHs0. Polymerization was allowedtocontinue
Rm0wet alo present Purification of 3 was performed via at 50 .C for 12 h, after which time the polymer was recovered
dissolution of0.61g in DMF, followed by flash chromatography via precipitation into acetone. Purification was accomplished
on20mLfollal, withCH.OHastheeluemt Thisprocedure by redissolving the polymer in HO and dialyzing against Hs0
was tedious since the product was very slow to lut. Vacuum using 12 000-14 000 molecular weightetutoff dialysis tubing. The
solvmtremal from the pu freactions gave about aO.-g (3%) polymer was recovered by freeze-drying. Conversion was 22%.
yid of a paleyellow-green Product The HPLC purity of this Poly[N-(1-pyrnylsulfonamideethyljaerylamide-o-
materia was determined to be >99.9%. Anal. Calod: C, 64.35; aesylamide]2. Solution Polynmaermtin TeeniquLe Mono-
H, 58; N, 6.01; S, 6.87. Found: C, 64.24 K 69; N, 5.94; 8 mer feed ratios quantities, and equipment in this preparation
6.7. 1L 360-2500 (acid OH stretch); 3378, 3284 (HAS% N8m0ereedramatint epwion uspoe du Comono-
sretcbing); 1737 (aymmetric -O0 stretch of the acid residue);
1684 (amId. ); 1549 (mid 11); 1302, 1167 (asymmetric ad mer wers dissolved in a mixture of 130 mL of DMF and 100 mL
symmetric 8-0 stretch). uC NMR (DMO-dg): 20.37,21.13, of H20 Three freeze-pump-thow cycles wer performed to
21 (aliphatic resonnces of the utaric residue); 4284,4.30 remove residual oxygen. The mitlation procedure was as
(a lphatic r esonances of the atrimc residue); 12&94, desn odforthemfac lym io InthiscespoymeraWa.92, 10.6 , 13., reoane, 1t7.62 (aye matic resonnce); precipitated from the solution as the polymerization continued

(12 h). Pouring the suspension into acetone allowed recovery of
179.01,180.80 e resonace of the giutaric reidue). the polymer product. Purification procedures were as described

N-(l-Pyremysulfnmido)ehmylgluommideHeptahy- for the surfactant poymerization. Conversion was 21%. UV
dafto (4). Synthesis of 4 is depicted in Scheme IlL The nalysisdetermined rtoecontain0.35 mol % 5(70% incorpo-
amine of 10 (0.44 , 1.36 X 10- ol) was added to ,'Rlucon- ration).
lactone (12; 0.30 1.68 X 10 4 mol) in 2 mL of CHsOIL A clear

8r lutiawasobtainedupchuheinarexwamaitained Characterization Methods. Pyrenesulfonamide Deuiv-
fr 18 h. Compound 4 precipitated from solution a a yellow- atiwes. 1C NMR spectra wer recorded with a Bruker AC-00
peon solid. After filtration and washing with CHOH, 4 was instrument. MoestsampleswredimolvedinDMSO-4chemicl
vcum-diedov=ihtato tempeaure. The HPLC purity shift assignments are relative to the central DMSO peak ("C,
of this compound was determined to be 99.9%. Elemental 39.50 ppm). UV-vis spectra were recorded with aPerkin-Elmer
aalyesdetermined4tobeaheptahydrate. Yield: 0.31S(45%). Lambda 6 spectrophotometer. A Mattson Model 2020 FTIR
Mp: 171-173*C. Anal. Celod(heptahydrate): C,46.67;H,4.90, was used to obtain infrared spectra.
N, 4.64 8,5.19. Found: C, 46.16; 1, 4.M; N, 4.24; 8,5.31. 13L Sample purities were determined in most cases by both TLC
3800-00 (OH stretch); 379 (KANS stretch); 1657 (amide 1); and HPLC. TLC was performed on Merck 0ieselgel 60 alliea gal
1533 (amide 11); 1419 (CN stretch); 1307,1161 (asymmetric and plates. Developed plates were generally viewed under 325-nm
symmetric S-O) cm-'. uC NMR (DMSO.dQ: 5 324, 41.20 lightforpyrene derivatives. HPLCwaa performed oaaHewlett-
(ethylene resonances); 63.27 (I'COH); 69.89,71.44,72.25,73.46 Packard Model 1060 system equipped with a photodiode-array
(2COH); 123.17, 123.35, 124.22, 126.66, 126.81, 127.09, 129.51, detector. AWatersp-BondapakCl8columnwasemployedwith
12 0.66,162,130.51,1333 (romatic resonanes); 172.77 (amide methanol as the mobile phase. The sample effluentwas typically
ketone). monitored at220and350nm. Alternatelymultiplewavelengths
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Scheme V quantities of purified monomer for polymerization andSynthesis of Copolymer 2 in DMF/HzO photophysical investigations.
0l Several features of 5 should be noted. The acrylamido

Nis .functionality of the monomer allows rapid copolymeri-
Irk (K 57;43, _ zation with the acrylamide monomers. Monomers of this

type have large ratios of (kp2/kt) where kp and ht represent
AS, 6  the rate constants for propagation and termination in free-

5 radical polymerization. The amide and sulfonamide
"M M% 0.50mlinkages are hydrolytically stable in aqueous media and

thus protect the integrity of the label during photophys-
ical analysis. The monomer 5 has no benzylic hydrogens
for chain transfer as do most pyrene labels reported in the

HN / literature. The spacer length (in this case, ethylene) can
N Hbe altered in the synthetic procedure to decouple the

pyrene from the polymer backbone. Finally the pyrene-
NH$0, sulfonamide chromophore has a high molar absorptivity

~ value and a high quantum yield of fluorescence.'"
The synthesis of 5 deserves some comment. The first

synthetic step (Scheme I), chlorosulfonation of pyrene,
proceeded smoothly. Product 7, sodium 1-pyrene-

.35 M% sulfonate, contained a small amount of NaOH but was
2 used without further purification. The compound was

Table I isolated as a dihydrate; similar compounds have been
Stock Solutions of labeled Polymers reported to exist as hydrates-for example, 1-pyrenesulfo-

o onic acid.12 Transformation to pyrenesulfonyl chloride (8)
polym conc, fluorophore was also facile.

polymer mg/dL cone, mol/L The reaction of 8 with ethylenediamine to give N-(1-
1 218 7.13 X 10-6 pyrenylsulfonyl)ethylenediamine hydrochloride (9) was
2 193 9.28 x 10 problematic. Initial attempts, despite dilute reaction

conditions, led to production of significant amounts of
were monitored-depending on the nature of the suspected the ethylenediamine bis(sulfonamide)which was difficult
impurities. to separate from9. Apparently, the reaction is diffusion-

Solution Preparation. Polymer stock solutions were pre- controlled. Reaction of 8 with thylenediamine is quite
paredinHaOor2%(w/w)NaClatcs.200mg/dL Severalweeks
of constant mechanical shaking were required for complete sol- rapid, and if the desired monosulfonamide product 10
ubilization. Solutions were filtered through an 8,-m filter, a encounters another molecule of 8, the sequential reaction
peristaltic pump was employed to pump the solution at a low will occur.
flow rate. Polymer and fluorophore concentrations of stock Recentliterature has addressed controlofsuch reactions.
solution. are shown in Table L Monoacylation of symmetrical diamines can be achieved

Copolymer Composition. The copolymer composition was bya'high-dilution" technique.7.1" Therefore, a very dilute
determined by UV analysis of the aqueous Copolymer solutions. solution of 8 was added dropwise to a solution of excess
The pyrenesulfonamide chromophore was determined to have e ethylenediamine with rapid mixing to reduce the disub-
- 24120 M-t ' cm- stitution reaction. A pure product was obtained by

Rhoolegical Studios Vi5Cmity measurements were per extraction in methylene chloride and conversion to the
formed on solutions ranging from 20 to 200 mg/dL in concen-
tration Measurements were recorded with a Contraves low- aminehydrochloridegbyadditionofHClindiethylether.
shear 30 rheometer at 25 "C and a shear rate of 6.0 ri. Reaction of 9 with acryloyl chloride (Scheme I) was

Classical Light Scattering. Classical light scattering mea- facilitated by using 2 equiv of the acid scavenger 1,8-bis-
surements wer performed on a Chromatix KMX-6 instrument. (dimethylamino)naphthalene. This base is sterically
A 1-om filter was used in the filter loop. Measurements were hindered 4 and will not deprotonate the sulfonamide
made at 25 *C. d,/d measurements wre taken on a Chromatix proton 5. The sulfonamide proton of 5 is acidic; trieth-
KMX-16 differential reftctometer also at 25 "C. ylamine and other bases deprotonate 5 to give the sul-

l afonamide salt, which is nonfluorescent. The pyrenesulfo-
J Reults ad Discussion namide monomer 5 was recrystallized from methylene

The synthetic objective of this work was to prepare a chloride. HPLC analysis utilizing dual ultraviolet detec-
pyrene-containingmonomerwhich couldbe copolymerized tion at 330 and 220 nm indicated a sample purity greater
with acrylamide to yield a copolymer with associative than 99.9%.
thickening behavior. Our concept was to utilize a hydro- In addition to the desired sample purity, monomer 5 is
lytically stable monomer with both the necessary hydro- soluble in aprotic solvents such as dimethyiformamide
phobic characteristics and photophysical responss Al- and dimethylacetamide. It is insoluble in water but,
though fluorescence probes and labels have been used to importantly, is readily solubilized by sodium dodecyl
study organization, we know of no other reports utilizing sulfate micelles.
the fluorescence label as the sole hydrophobic moiety for Model compounds 3 [2,4-dimethyl-N-[(l-pyrenylsul-
domain formation. fonamido)ethyllglutaramide] and 4 [N-[(1-pyrenylsul-

The monomer N-[(1-pyrenylsulfonamido)ethyl]acryla- fonamido)ethyl]gluconamide heptahydrate] were synthe-
mide (5) proved to have the necessary properties to achieve sized as water-soluble species bearing the pyrene-
our synthetic objective. This monomer was initially sulfonamide moiety for model studies (Scheme II).
synthesized and a small quantity provided by Winnik's Neither 3 nor 4 has been previously reported. Structural
group. Subsequently we modified synthetic procedures and purity evaluations of both were satisfactory. Inter-
and scaled up the reaction sequence to provide sufficient estingly, despite extended drying, 3 remained a heptahy-
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FUre 2. Relative viscosity vs concentration for copolymer 2 Figure 3. Reduced viscosity vs concentration for copolymer 2
in HsO (A) and in NaCI (0). in H20 (A) and in NaCI (0).

drate. Other hydrophobic gluconamides have also been 4.00 oooo PAM in H20
reported to have highly hydrated structure&'6  00 1 in H20

00000 1 in 0.,342 M NoC!

Synthesis of Model Polymers. Two synthetic meth-
ods were chosen to prepare copolymers with approximately
0. mol % 5 but different microstructures. In the first 3.00
procedure, often called the "micellar technique", 99.5 mol
% acrylamide and 0.5 mol % 5 were copolymerized in
aqueous solution in the presence of sodium dodecyl sulfate
at conentrations well above its critical micelle concen- -2.00 0 C

tration (Scheme IV). Potassium persulfate was used as
the initiator. A 0

Concurrent studies in our laboratories with phenyl and 0

naj#hty chromophore-containing monomer have shown 1.00 0
thatin thisn-qmoetegeneowprocedure the surfectat/ a

bhydrophobic monomer ratio is importantindictating finalw
xhsologicelpropertles. 14 Thlese findings are consistetitwith
a proposed mechanismn of successive chain propagation of ____________hydrophobic monomer preset in the separat SDS mi- 0.00 ............................... [

0.0 0.05 0.10 . 615 0.20 0.2oele mnd soludo polymerization of acrylamide resulting c~o o o no.o o.g o.o '.2

inshrtnmslofthecomommrndomlydistributedalnge conc. (orcdp),m
thepolyme ftone. Thelimportane ofthisdistbti F 4. Reltive viscsty vs c trtion for copolyme I !i
will be addressed later i this report. in HO (A) and in NaCi (0) and for homopolyacrylamide in H0

In a sond synthetic procedure (Scheme V) the two
monomers in the same molar ratios were copolymerized Rheological Studies
under homogeneous reaction conditions in a DMF/H2O
mixture again with potassium persulfate initiation. This Rheological studies were performed on diluted stock
poymerization might be expected to occur in a more solutions (Table I). Copolymer I prepared by the micel-
random fashion than the micellar polymerization with lar technique, like many other associative copolymers
monomers oMS randomly distributed along the backbone. synthesized previously in our labs, required several weeks

Copetymer Charcterlatiou. The micellar copoly- with continuous shaking for complete dissolution. ACon-
me I wnpurfledbysu cceive precipitation intoaetone, traveslow-her30rhemeteroperatingat 6 s- s was utilized
redlssolutlon into water, di yaa to remove the suac- for viscometric studies.taut, and e drying. Verification of the removal of Equations 1 (the Huggims equation) and 2 (the -modified
D8 was obtained using the BaCI, reagent. Copolymer omEnterSuinha equation) are often utilized to study

2 precipitated as a suspension during polymerization and polymer solution behavior. The utility of the Huggins
was purified by sequential addition to acetone, filtration, + k[]C
rediesolution into water, and lyophilizationL %d

Copclymercompositiom were determined by ultraviolet
spectroscopic analysis in water of the pyrenesulfonamide M =1 + [V]C (2)
chromophore at 351 nm (e - 24 120M- cm-1). Copolymer

was found toontain 0.2tol % 5 (50% incorporation), equation (eq 1) is well recognized for solvated polymers;
while copolymer, 2 contained 0.35 mol % (70% incorpo- alternately, eq 2 has been proposed for the analysis of
ration). Fluoecence studies which include character- polymer which behave as suspensions in solution.'7 Plots
ization of the m st of copolymers 1 and 2 are of the relative viscosity versus concentration for 2, the
reported in the following paper in this issue. solution-polymerized system, are illustrated in Figure 2
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1400 A I in HO orophore-containing hydrophobic monomer and model
00000 1 in 0.342 M NoCI compounds. These materials were purified for polymer-

12-00 ization and subsequent photophysical studies. The hy-
drolytically stable, pyrenesulfonamide-labeled monomers
are readily copolymnerizable with acrylamide via homo-

10.00 A geneous (solution) and heterogeneous (micellar) polym-
A A erization techniques. Labeled copolymers prepared by

8.00 0 the two procedures have significantly different rheolog-
V ical behaviors. The surfactant-polymerized copolymer I

00 0 in aqueous media exhibits a low critical overlap
91 6.00concentration-typical of associative thickener behavior.

0 0 Conversely, the solution copolymerization yields copol-
4.00 ymer 2, which is more spherical in nature. The Huggins

0 profile of this copolymer in aqueous solutions has zero
slope, demonstrating a compact conformation. Light-

2.00 scattering analysis of this copolymer in H20 gives a second
virial coefficient value of zero. Photophysical analysis of

0.00............................these systems has been conducted and is reported in the
0.00 0.05 0.10 0.15 0.20 0.25 next paper in this series.

conc. (g/d;)
Fge L. Reduced visosity vs concentration for copolymer I Acknowledgment. Support for this research by grants
In UtO (A) and in NaCI (0). from the Office of Naval Research, DARPA, the National

Science Foundation EPSOOR program, the Department
in deionized H20 and 2% NaCL The linearity of the dat of Energy, and Unilever, is gratefully acknowledged. We
and an intercept value of I suggest that this polymer express appreciation to Professor Mitchell Winnik of the

behaes s asusenson n soutin. he ighr oder University of Toronto and his former student Dr. Robert
term of the Huggins equation, which account for inter- Bognow atthe Universityof Mta, forsynthesizing and
poymer interactions, appear to be unimportant here Hug-. supplying an initial sample of the pyrenesulfonamde
gins plots of these data in water and NaCI are given in monomer for reaction modification, scaleup, and copol-
Figure 3& The reduced viscosity is insensitive to the ymer synthesis.
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ABSTRAC' Photophysical studies were conducted on copolymers of acrylamide containing less than 0.5
mol % N-[(1-pyrenylsulfonamido)ethylacrylamide in order to relate the aqueous solution behavior to the
molecular structure. The copolymer prepared via a surfactant technique was shown to possess some inherent
blockiness or short runs of the pyrenesulfonamide label in dilute solution. Intermolecular associations were
observed above a critical concentration of polymer. I./I. values from steady-state fluorescence paralleled
the rheological response as a function of concentration. The copolymer prepared by solution polymerization
showed random incorporation of the pyrenesulfonamide comonomer and no intermolecular association tendency
over the concentration range studied. The pyrenesulfonamide labels were shown to form ground-state
aggregates within relatively accessible hydrophilic environments in both polymers. Associative thickening
behavior observed in the surfactant-polymerized copolymer is consistent with microphase organization of
hydrophobic pyrenesulfonamide aggregates above a critical concentration. Fluorescence quenching has been
used to probe the microenvironment around the label.

Introduction model compounds 3 and 4 are described in the previous paper
in this issue.n Labeled copolymer I was prepared via a surfac-

The polymer solution behavior of polyelectrolytes has tent copolymerization technique and contains 0.25 mol % pyre-
previously been elucidated via photophysical studies of nesulfonamide label. Copolymer2wassynthesizedviaasolution
pyrene-labeled water-soluble polymers including poly- copolymerization technique and contains 0.35 mol % pyrene-
electrolytes,1 6 poly(ethylene oxide),6 (hydroxypropyl)- sulfonamide label.
cellulose,7- 11 and poly(N-isopropylacrylamide).'Z- . Par- Synthesis of the Fluorescence Quencher N-Methylpy-
ticularly relevant work includes that of Winnik et al.,7-10  ridiniumChloride. TheimethodofNakaro etal.16 was modified.
who studied pyrene-labeled (hydroxypropyl)celluloses The basic procedure involves synthesis of N-methylpyridinium
which serve as model associative thickeners. Photophys- iodide with subsequent ion exchange to give N-methylpyridin-
ical analysis demonstrated the aggregation of neutral ium chloride.
hydrophobic polymers in aqueous media 7- 10 and the N-Methylpyridinium Iodide. Anhydrous pyridine (26 mL,
interaction with surfactants' 0 11 at the molecular level. 25 g, 0.32 mol), was added to diethyl ether (250 eL). Methyl
Frank et aL,6 investigating pyrene-end-labeled poly- iodide (39 mL, 0.63 mol) in diethyl ether (50 eL) was added
(ethylene glycol) (PEG) in aqueous media, showed the dropwisewithstirringtothepyridinesolution Aftertheaddition

associative behavior at the molecular level via the pho- was completed, the addition funnel was replaced witha condenser.
Refluxing overnight resulted in a white solid precipitate. N-tophysilresponseoftheopyrenelabeL Molecular-pects Methylpyridinium iodide is very hygroscopic; therefore, puri-

of poly(ethylene glycol)/poly(methyl methacrylate) poly- fication was accomplished by washing with multiple portions of
me complexation have also been reported."'Is diethyl ether under N2. The ether washings were removed via

In this study, we have employed photophysical tech- a filter stick,1 7 which allowed a continuous inert atmosphere to
niques and model compounds to analyze the molecular be maintained. Vacuum drying at room temperature overnight
solution behavior of previously reported pyrenesulfona- gave a white solid, yield 53 g (76%).
mide-labeled polyacrylamides which display associative N-MethylpyridiniumChloride. N-Methylpyridiniumiodide
behavior in aqueous mediaN (Chart I). Copolymer 1 was (39 g, 0.16 mol) and silver chloride (36 g, 0.26 mol) were added
synthesized by a surfactant or *micellare technique and to water (50 eL). This suspension was allowed to stir overnight
copolymer 2 in homogeneous solution using a cosolvent. in the dark under a nitrogen blanket. Filtration removed the

Our goal is to correlate molecular solution beha,or with lime-green sdlveriodide; the dter cake was washed with additional
water (25 mL). To ensure completenesof exchange, the aqueous

macrcopicsolutionviscosity response in order evelop solution was then passed through a column containing Bit-Rad
overall structure-"roperty relationships for a-,ciative AG 1-X8 ion-exchange resin (10cm', quaternaryammonium type,
water-soluble pol Aers. chloride form). The aqueous effluent tested negative for iodide

(persulfate test) and positive for chloride (silver nitrate test).
Experimental Section Freeze-drying of the aqueous solution produced a syrup, which

Materials. Deionized water used in these studies had a was further dehydrated via azeotropic distillation with toluene.

conductance of less than 1 X 10 mho/cm. Cetylpyridinium The resulting off-white solid mass was extremely hygroscopic; a
chloride was recrystallized from methanol/diethyl ether. Ni- nitrogen atmosphere was consistently maintained during alltromthanewasdistlliedtatmospheripresaure. Other. rting manipulations. Residual toluene was removed via a filter stick.
material, were purchased commercially and used as received. Recrystallization fromtheminimumamountofboilinganhydrou

Leseled Polymers and Model Compounds (Chart 1). The 1-propanol gave N-methylpyridinium chloride as white crystals,
Lenem of pyraled copolymersI and Model Coaponds (awhich were washed with diethyl ether and vacuum-dried at room

syntheses of pyenesulfonamide-labled opolymers l and land temperature. All weighings and transfers of this material as a

solid were performed under dry nitrogen; storage was over
'Present addresw 3M Science Research Laboratory, St. Paul, phosphorus pentoxide. Elemental analysis of this compound

MN 55144-1000. indicated that 8.15% H20 was retained. Recovery: 18 g (88%).

0024-9297/92/2225-1887$03.00/0 0 1992 American Chemical Society
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Chart I were obtained via excitation from 250 to 400 nm while monitoring
Pyrenesulfonamide-Labeled Polymers and Model the emission intensity at either 418 nm (monomer emission) or

Compounds of This Study 510 nm (excimer emission). Wavelength-dependent variations
in lamp intensity were corrected by an instrumental correction
function; Rhodamine B was the internal reference. Detector and

emission grating variations were also corrected via an internal
NN2 NHNH NHfunction.

NH2  NH NH2  NH Steady-State Fluorescence Quenching. Approximately
N 200 mg of sample solution were degassed in a septum-capped

fluorescence cuvette; a quencher solution was likewise degassed.
sThe emission spectrum was then recorded as described previously.

N3H H neste wase(02 mooe, 0 m band were recorded
in the absence of quencher (Io). A microliter syringe was usedto deliver aliquots, generally 1-3 L, of the quencher solution to
thesample. The sample uvette was shaken, and the diminishedvalues of fluorescence intensity were recorded. A positive inert
gas pressure was maintained in both the cuvette and quencher

0 0 0 0J vials in order to exclude oxygen.
Transient Fluorescence Studies. A Photochemical Re-

0 search Associates (PRA) single-photon-counting instrument
equipped with a H2-filled 510-B flashlamp was used to obtain

(025 fr4 %) (o.36,mL %) fluorescence decay curves. Fluorescence decay times were fit
1 2 from decay profiles using either a Digital Micro PDP-11 or an

IBM PC. In either case, PRA software was used which employs
0 a nonlinear iterative deconvoluton technique to analyze decay

so NH 'K014curves.
2 Sample degassing was as described previously. Pyrenesulfo-

namide-labeled materials were excited at 340 nm; decays were
0CH 3  C' measured at 400 nm (monomer emission) or 519 nm (excimer

emission). We have found it important to use a minimal time-
0 0I per-channel setting to avoid placement of counts in the lower

time decades. An appropriate setting for these materials is 0.1786
ns/channel for a range of 512 channels; 104 counts were generally
taken in the maximum channel

3 Transient Fluorescence Quenching Studies. Sample
handling was as described for the steady-state quenching

0 O OH experiments, except 400 mg of sample solution was employed.
Excitation was at 340 nm; fluorescence decay profiles of the 400-

OH nm (monomer) band were obtained as a function of the quencher
302 NH concentration.

0ON ON Results and Discussion

0 0 Model Compound Photophysics. To assist in ana-
lyzing the photophysical properties of synthetic copoly-
mers l and 2 containing the pyrenesulfonamide monomer,
we prepare water-soluble model compounds 3 and 4 with

4 the pyrenesulfonamide chromophore. The solubility of
compound 4 in water is limited to 3 X 10- M despite theMp: 138-140 "C (sealed tube). Anal. Calcd: C, 50.87; H, 6.99; hydrophilic gluconamide group. Likewise the solubility

Cl, 25.03; N. 9. 8 Found. C, 50.58; H, 6.77; Cl, 24.66; N, 9.84.
UCNMR(DaO,TMSisert): 48.25(CHs);128.04,145.07,145.30 of is 6 x 10- M at pH 7. At higher pH values the salt
(ar maticresonances). 1HNMR(DsO,TMSinsert): 63.68(CH); is more soluble (1 x 10-2 M).
7.33, 7.80, &07 (aromatic CHi). The LV absorption spectra of 3 and 4 in deionized H20

Polymer Characterization. General Procedures. Solu- are displayed in Figure 1 for comparative purposes. These
don Preparation. Polymer stock solutions were prepared in spectraareeesentiallyidentical,aswouldbeexpectedsince
water or 2% (w/w) aqueous sodium chloride at ca. 200 mg/dL. both possess the same chromophore. Steady-state fluo-
Several weeks of constant mechanical shaking were required for rescence spectra of 3 and 4 (Figure 2) were recorded upon
complete solubilization. Stock solutions were filtered through excitation at 340 nm, over the range 350-600 nm. The
an 8-pro filter;, a peristaltic pump was employed to pump the p. i acteristicofthemonomeremission
solution at a low flow rate. Dilution of stock solutions was
peform gaimericlly. Samples were allowed toaequilibrate re 380 (0,0), 400 (0,2), and 418 nm (0,3). In the
foraminimumo(lweekwithconstantmechanicalshakingbefore concentration regime employed (10- M), the solutions
characterization, are sufficiently dilute to preclude the formation of exci-

Characterization. Characterization techniques (other than mer. The fluorescence spectrum of a concentrated (ca.
photophydical) are described in the previous paper in this issue.2 10-2 M) aqueous solution of the sodium salt of 3 is shown

Pyrenesulfonamide-Labeled Polymers and Model in Figure 3. The structureless red-shifted emission
Compounds. Photophysieal Characterization. Steady- centered at about 520 nm can be assigned to excimer which
State Fluorescence Studies. Steady-state emission studies forms at higher concentration levels. It should be noted
were performed on a Spex Fluorolog-2 fluorescence spectrometer that the salt of 3 may have surfactantcharacteristics which
equipped with a DM3000F data system. All samples were run
in the front-face mode to avoid inner filter effects. Slit widths contribute to excimer formation.
were varied from 0.5 to 2.5 nm, depending on sample concen- The sulfonamide proton of the pyrenesulfonamide group
tration. Samples were deaerated by bubbling with nitrogen for is acidic; sulfonamides typically have pKa values ranging
25-30 mi. Particularly 'foamy" samples were sparged by first from 10 to 12. The effect of pH on the emission was
bubbling with helium and then with argon. Excitation spectra examined by recording fluorescence spectra of 3 (6 X 10-
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Figure 4. UV absorption spectra of I and 2 in deionized H20
(C = 0.15 g/dL).

integrity during the polymerization process. However,
the polymer absorption spectra in Figure 4 are red-shifted
compared to those of the model compounds (Figure 1).,. ... Comparison of Figures 1 and 4 reveals that the polymer

absorption extends to 400 nm; the model compounds,
however, fail to absorb appreciably at wavelengths longer

a""z i than 390 m. The significance of this effect will be further
discussed in a later section.

Steady-StateEmission. Steady-stateemissionspectra
a" 4, 44 2" Sit -of surfactant-polymerized I and solution-polymerized 2

Figure 2. Steady-stte fluorecence spectra of (top) and 4 are shown in Figure 5. Both labeled polymers display the
(bottom) in deianized H *O (C - 10- M). three peaks assigned to monomer emission, as shown for

the model compounds in Figure 2. Excimer emis-
M) at pH 10.6 and 12.1. The intensity of the spectrum sion-centered around 519 nm-is also observed for the
atpH 1I. was one-third of that atpH 10.6. Thespectral labeled polymers Excimer emission is definitely a poly-
shapes were idinticaL The diminished intensity of the mer-enhanced effect, since the content of the label is 7 X
spectrumacquired at higher pH is likely due to a lack of 10-6 M for copolymer I and 9 X 10- 6 M for copolymer 2.
flumesencefrom the sulfonamide anion. Use ofthislabel No excimer intensity was observed for the model com-
as a fluorescent tag must therefore be limited to media of pounds in this concentration range (Figure 2).
pH < 10. Although 2 contains slightly more pyrenesulfonamide

Polymer Absorption and Steady-State Emission label (0.35 mol % for 2 and 0.25 inol % for 1), the excimer
Spectra. UV Absorption Spectrum. Figure 4 shows emission intensity of I is dramatically enhanced relative
the UV absorption spectra of pyrenesulfonamide-labeled to 2. A greater local concentration of the label therefore
polymers I and 2 in deionized H20. The absorption spectra exists for I relative to 2, strongly suggesting that micro-
above 220 nm are qualitatively identical to those for the structural differences exist between these polymers. We
model compounds 3 and 4 in Figure 1. This is evidence believe that copolymer 2, prepared in homogeneous
that the pyrenmulfonamide label has maintained its solution, has a more random structure than surfactant-
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polymerized 1, which possesses a blocky miendctrunture.ne
The microheterogeneous surfactant produces partitioning environment presumably caused by increasing intermo-

of the hydrophobic pyrenesulfonamide monomer within locular associations.

thei dunng copolymenzaton, allowingsome degree The increases of IF/Im values with polymerconcentration
of blockiness even at low foed composition. Clearly the (Figure 6) are paralleled by changes in viscosity, a bulk or

number of consecutive pyrenesulfonamide label repeat macroscopicproperty. In Figure 7,Is/IM and the reduced

units is determined to some extent by te viscosity of copolymer I are plotted as a function of
namide monomer label-to~urfactnt ratio. Effects of ou- cnetain icst n zI ohices r

factant polymerization methods upon the polymer an- maticllyaboveaninitial conoentrationC* (c.1g/dL),providing sroig evidence that intermolecAdahydrophohic
crostrtcture have been noted elsewhere. In separate associations of the pyrenesulfonamide labels are respon-
stud ,Peery and Dowling and Thomas8 investigated sible. As concentration increases, intermolecular hydro-copolymes synthesized from ar lainde and a hdri o phobic association of the labels is facilitated. It has been

proposed thathydrophobic molecules canlocate each other
technique. The microstructures of these systems are also at distances greater than 100 Adue to the strong influence
believed to have blocky charaeristics. The copolymers of water-structuring. ° -22 This is reflected on a molecular
demonstrated either intra- or intermolecular solution level by enhancement of ISIlM values. On a macroscopic
behavior," apparently depending upon the choice of scale, hydrophobic associations are indicated by a sharp
hydrophobic comonomer, polymerization conditions, and increase in the viscosity profile at C*. To our knowledge,
other factors. this represents the first associative thickener which relies

-The concentration dependence of excimer-to-monomer on a fluorescence label as the sole hydrophobic moiety.
-atios I/Iu, for the two copolymers is shown in Figure Also, the parallel reponse ofIv.ls and iwvs concentration
& The concentrations of the polymers were viewed over (Figure 8), along with previous literature studies, allows
a range of 103, from 2.0 X 10-4 to 0.2 g/dL. The rational suggestions to be made on the mode of the mi-
cancentration dependence@ of IyjIm values are dramati- cellar or surfactant polymerization, as well as the nature
cally different. The I/lm values for 2, the polymer ftheaggregationresponsiblefortheasociativethickening
synthesized in homogeneous solution, show only a sull phenomenon.
conentration dependence, signifying little or no change Concentration dependencies of imdandIr/IMare shown
in the pyrene environment and therefore in polymer in Figure 8 for copolymer 2 prepared in DMF/H2O. The
conformation. However, lR/lu values for 1, the polymer zero Huggins constant of the reduced viscosity vs con-
synthesized in the presence of surfactant, increase dra- centration curve suggests a compact polymer conformation
matically at concentrations above ca. 0.1 g/dL, indicating that is independent of polymer concentration. The Istlm
that the pyrene groups are in an increasingly hydrophobic values confirm this premise. The microstructure of this
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Figure 9. Excitation spectrum at monomer and excimer ,.
emissions of I in deionized H20, C 0.22 g/dL. ,, a 48. 560 $to 48V,

"' "" * 3 0" H20 (excitation of aggregates at 395 * I nm); concentrations as

~in Figure S.

"- absorption and excitation spectra were red-shifted relative
"' to the spectra of pyrene at lower concentrations. van der
gWeals interactions of proximate pyrene molecules, re-
,.a. sulting in aggregates of lower ground-state energy, were
; proposed to explain the observed spectral shifts.

-- Precedence also exists for the aggregation of pyrene-
" "'labeled, water-soluble polymers in aqueous media. Win-

Fiue10. Excitation spectrum at monomer and exeimer nik and co-workers 7 - 1° have studied the aggregation
emisions of 2 in deionized 1120, C - 0.19 g/dL. behavior of pyrene-labeled (hydroxypropyl)celluloses in

water. Excimer excitation spctra were red-sliffted relative
polymer-random label distribution-no doubt strongly to monomer excitation spectra, indicating ground-state
influences the polymer conformation. In water, the interactions of the pyrne labels. No rise times were
hydrophobic labels are compelled to aggregate by the observed for the decay profiles, verifying the preformed
hydrophobic effect. The random interspacing of the by- nature of the aggregate. Frank and co-workers$ have
drophobe along the polymer backbone leads to compaction reported similar results for pyrene-end-labeled poly-
of the polymer coil due to intranolecular associations. (ethylene glycol) in HgO. In both Winnik a and Frank's
Such acompactstructure is reflected intheviscosityprofile studies. comparative spectroscopic studies of pyrene-
of 2, as we have shown. labeled polymers were performed in methanol as well as

In order to further elucidate the nature of the hydro- in water. No ground-stateeaggregation of the label moieties
phobic associates, additional studies were conducted. was observed in methanol, thus emphasizing the impor-
Excitation spectra for polymers I and 2 are shown in tahoe of the hydrophobic effect.
Figure 9 and 10, wherein emission was monitored at both Additional evidence for aggregation in polymers I and
monmer (419 nim) and excinier (510 nm) wavelength& In 2 was obtained by excitation of aqueous solutions of I and
M&c case, the excitation spectrum of the excinier emission 2- (Fgr 11) at 395 ran Emission in the monomer region
is redshhd by 4 n from the monomer excitation is very low for both polymers (compare with Figure 6).
spectrum This suggests that preformed, pound-state The broad red-shifted emission dominates, indi ithat
agrgtsof the pyrenesulfboamide labels are the source indeed the pyree aggrgate is responsible for excimer
of excimer emission. Tim loss of vibrational structure is emission in solutions of I and 2. The small amount of
consistent with ground-statO association. monomer emission which seems to be present could be

Typiesly, inpolymer systems, ezcimeremlssion results due in part to dissociation of the excited aggregate.
from chrmophorewhich encounter one another throgh Tx-andent Emiedon Studies. Analysis of Transiont
a diffusional process. A chromophore absorbs light, is Decay. Backgroud. The Birks 4" scheme for exci-
Promoted to the excited state, and, during its excited- mar formation/disociation indicates that monomer flu-
state lifetime, encounters a ground-state chromophore. oremnoemaysthmunoftwoexponentialtermswhile
In thi cae, monomer and excimer excitation spectra we the excimer decay can be described as the difference of
ie dsnce the initial absorbing species are identical two exponential terms. The Birks kinetic scheme ade-
In our cas, however, hydrophobic ssociations of the pyre- quatelydesacnosthie trnsent dcaybehavior of low molar

neetfonsidelabel appear to facilitate the formation of mas systems and some modelpolymer systems. However,
grud-tteaggegaes Hydrophobic interactions of the many labele polymer systems exhibit a complex decay
Ply -ie labels provide a momn for facilitating response, and this has been our experience with both I
Perturbation of the pround state and yielding a species of and I
lower energy. This results in a red-hif in both the The fluoresence decay profiles of the models in water
ab~rptim 0130trum and the excitation spectrum when or dioxse are monoexponential (Table 1). The differenc
emission is monitored in the excimer or, perhaps more in the lifetimes in water (ca. 13 n) and dioxane (cL 30in)

apposwateyexcited aggpregate region. w quite large, demonstrating the effect of microenviron-
The phnmnnof pyrens absorption and excitation mental polarity on the decay of the excited state.

spctal shifts in the context of ground-state interactions The decayproffias of the two polymers I and 2 in aqueous
hu been previouslydocumnte& In a fundamental study, solution were complex but could be approximately fit by
Avis and Porter" examined the photophysics of pyrene a sum of two exponntials. In both cuts, the dewy re
disolved n a poly(methyl methacrylate) matrix as a could be fit to a longr-lived component (ca 15 nsm) and
function of pyrene concentration. At pyrene concentra- a shorter-lived component (ca. 11 ns). Detaied inter.
tdone Z0.01 mol di -nt excimer emission was observed and pretation is impossible, probably because label in many
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Table I 3.00 001 c: 202'x102 9/dI
Fluorescence Lifetimes of Model Compomund in 2 2 c, 2.03 x I0- 9/dI

Homogeneous solution a

ample solvent C, M T, ns 2.50 0

3 H90 2.5 x 10-
7  13.3 0

dioxane 2.6 x 104 30.9 2.00
4 H20 3.1 x 10-7  13.1

dioxane 3.1 X 10-7 30.3 0

Excitation at 340 nm; monitoring at 400 rnm. _ 150

8.00 a
00000 1 C: 2.1 x 10- g/cdi a
hA&" 2 C- 2.2 x 10-3/1

. 1.76 x 10- M 0 1.00
000004 c 2.61 x 10-' U

6.00 0

0.50
S0.00 10000 200'00 300.00 40000 .500.00

[CPC], AtM
* 0

_ 4.00 0 Figure 14. CPCquenchingofpyrenesulfonamidepolymers(label
o concentration - 10 7 M).

0 aa o 3.50
0 a00001 c: 0.202 9/dI

2.00 0 AoA 2 c 0.203 g/d,

3.00

0.00 . ......... ...... 2.500

0.00 40000.00 e006" i 2 .00 160000.00
[MPC), AM 0

Figure 12. MPC quenching of pyrenesulfonamide polymer and 2.00
models.

14.00 .. :0 .

000004 C- 2.61 X 10 M

12.00 100 a

10.00
. 6 6 ...... .. . 6 . ....... . .. .. .3 0 6 .0 0 . . .46 d .6 6 .. .0.00 100.00 200.00 300.00 400.00.500.00

8.00 . [CPC] M
Figure lL CPCquenchingofpyrenesulfonamidepolymms(label

o s.oo concentration. f 10-4 M).

4.00 on the order of 30 n& The decay profiles in the excimer
. 0 region suggest the presence of a ground-state dimer. This

2.0 0 0 0 o oidea is supported by the work of Wang et aL,'6 whoo1 0 0 0 performed picosecond excimer fluorescence spectroscopy

0. 00 . on poly(1-pyrenylmethyl methacrylate) in chloroform. Ino.O-i ...... 1-0- " "'6. ... ' ... "360o
[CPC], AM this study an essentially instantaneous rise was observed

for the excimer fluorescence profile on a picosecond timeFigure 1. CPC enc g of pyrensulfonamide models (label scale, signifying ground-state interactions of the pendent
ConlCmltZttol - 10' M). pyrene moieties.

different environments are contributing to the emission For pyrene-labeled (hydroxypropyl)cellulose, Winnik
decy. One point, however, is particularly informative. et al.' also identified ground-state pyrene aggregates via
The decay profile of the monomer emission (400 nm) of excitation spectra and the lack of a rise time for the ex-
I s invariant, within experimental error, with change in cmer decay. Frank and co-workers" also attributed the
the concentration from 2.2 X 10-3 to 2.2 X 10-1 g/dL. emission of pyrene-end-labeled PEG to excitation of
However, as noted previously, both the reduced viscosity preformed pyrene aggregates.
and the wlIM ratio of I increase at concentrations on the Quenching Studies. In order to further probe the mi-
order of 2.2 X 10-1 g/dL (Figure 7). It appears as though czomvironmentofthepyrenefluorophorethefluoremcme
the local environment of the species responsible for of the polymers and the model compounds was quenched
emibson at400nmin I is modified little, ifatall,as polymer by nitromethane (N), iodide ion (I), methylpyridinium
agregation occurs. chloride (MPC), and cetylpyridinium chloride (CPC). In

While itis diflcultto interpret the excimer decay profile the case of N and I, quenching data fit the Stern-Volmer
of the polymer samples, it is worth noting that the exci- equation (eq 1),
mer deay profiles of I and 2 obtained at 550 rn do not I/If1+Ksv[Q]
exhibit a rise time (characteristic of the diffusion time for (1)
ueimer formation). The rise times at 550 nm (excimer where Ksv - kQro, Io - emission intensity in the absence
or excited aggregate emission region) and 400 nm (mono- of quencher, Q, I - emission intensity in the presence of
mar emision region) are essentially identical Although Q, [Q] - quencher concentration, Kav - Stern-Volmer
spoeific decay times were not obtained, in general, we note quenching constant, kq = quenching rate constant, and ro
that the decay profile has a long-lived decay component = lifetime of unquenched fluorophore such that plots
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Scheme I Table II
Simple Kinetic Model for Static and Dynamic Quenching of the Fluorescence of Polymers I and 2 and

Quenching of a Fluorophore, M, by a Quencher, Q Model Compounds 3 and 4 by Nitromethane (N) and
Ka Sodium Iodide (I) in Water

M+Q -- MQ [polymer], Ksv, kQ,
M+ Qcompound Q g/dL [label], M M-1 M-1 8-

h- h- 3 N 2.5 X 10 -
8 49 3.7 X 109

4 N 3.1 X 10 - 7  58 4.4 X 109

SII N 2.18 x 10-1 7.1 x 10-5  11
1 N 2.18 X 10 3  7.1 x 10- 7  23

M*+Q MQ 2 N 1.93 x 10-1 9.3 x 10 -5 12
2 N 1.93 X 10-3  9.3 x 10-7  17

("Stern-Volmner plots") of I0/1 vs 3Q] were linear for [Q] 3 I 1.8 X 10-7  74 5.6 X 10
< ca. 0.01 M. The same plots for MPC and CPC quench- 4 1 2.6 X 10-7 85 6.5 x 109
ing frequently showed upward curvature (Figures 12-15), 1 I 2.0 x 10-3 6.5 X 10-7 49
even at low concentrations of Q, indicative of both static 2 I 2.2 x 10-3  1.1 X 10-6  43
(complexation of Q to fluorophore) and dynamic quench- Excitation at 340 nm; quenching at 400 nm.
ing processes. Attempts to fit these curved plots using
several currently available kinetic treatments failed. Table III
Thus, we will discuss the results using the simplest possible Quenching of the Fluorescencea of Polymers and Model
kinetic model (Scheme I) for static plus dynamic quench- Compounds by Methylpyridinium Chloride (MPC) and
ing of a fluorophore M, by Q, in which KG is the association Cetylpyridinium Chloride (CPC) in Water

constant for formation of the complex, MQ. Provided the [Polymer], slope,
extinction coefficients of M and MQ at the wavelength of compound Q g/dL [label], M M-1  KD, M-1

excitation are the same (ie., Q does not significantly 3 MPC 1.8 x 10-7  
58b

perturb the absorption spectrum of M), the excited 3 CPC 1.8 X 10-7  35000b

complex MQ* is nonfluorescent, and MQ* does not revert 4 MPC 2.6 X 10-7  36b  35
4 CPC 2.6 x 10-7 4000b  60ntly to M, then the modified Stern-Volmer I MPC 2.0 x 10-3  6.5 x 10-7  18cexpression (eq 2) holds.2 This reduces to eq 3 for purely 2 MPC 2.2 x I0-3 1.1 x 10-6  20c

static quenching (Ksv = 0). This has the same I01vs [Q] I CPC 2.0 x 10-3  6.5 x 10- 7  3800
2 CPC 2.0 x 10 1.0 X 10-6 19006

/IJ = 1 + (KsV + KG)[Q] + KSVKG[Q1 2  (2) 1 CPC 2.0 X 10-1 6.5 x 10-
2 CPC 2.0 10-1  1.0 X 10-4

I I = 1 + KG[Q ]  (3) aExcitation at 340 nm; monitoring at 400 nm. b Nonlinear Stern-
Volmer plots. The slope is at the linear portion at low Q. c Slopes

dependence as purely dynamic quenching but can be dis- at linear Stern-Volmer plots.

tinguished from the latter by measurement of the fluo-
rophore lifetime in the absence (ro) and presence (r) of Q In order to further probe the hydrophobicity of the
for which eq 4 applies. Thus, for purely dynamic quench- labeled polymers, CPC, a hydrophobic quencher, wasemployed for intensity quenching. CPC is a surfactant

r/ f =1 + KD[Q ]  (4) with a critical micelle concentration (cmc) of 8 X 10-4 M;2
its pyridinium ring is an oxidative quencher. For com-

ing Ksv - KD, whereas for purely static quenching KD = parative purposes, N-methylpyridinium chloride (MPC),
0, Le., the fluorophore lifetime is independent of IQ], a less hydrophobic analogue of CPC, was also used.
althmugh thefluorescenceintensity drops as [Q] increases. Figures 12-15 are the monomer intensity quenching
Finally, from eq 2, the slopes of upwardly curving Stern- curves (Stern-Volmer plots) of the pyrenesulfonamide
Volmer plots should tend to a value of Ksv + KG as [Q] model compounds and labeled polymers for the alkylpy-
approaches 0. ridinium quenchers. Quenching of the fluorescence of 1

Stern-Volmer constants (Ksv) for the quenching of and 2 by CPC is shown for two label concentrations
monomer emission at 400 nm by N, an amphiphilic (Figures14 and 15). In no instance did we observe evidence
quencher, and L an anionic heavy-atom quencher, are given of exciplex formation in either absorption or emission
in Table IL From the known lifetimes (-"o) of the fluo- spectra. Many of the plots show upward curvature. This
rophores (Table 1) of the model compounds, both N and is probably indicative of a combined static and dynamic
Iquench fluorophore fluorescence at or near the diffusion- quenching process. In the case of MPC quenching of the
limited rate (Q - (4-7) X 109 M-1 r). Exact quenching fluorescence of 3 and 4 (Figure 12), the curvature of the
cmntants (hq) were not calculated for polymers I and 2 plots is less pronounced than that for CPC, despite the
m a single fluorescence lifetime was not obtained for fact that concentrations of MPC were typically over 100

these material& However, it is worth noting that Ksv times greater than those for CPC. Stern-Volmer plots
vaues for models 3 and 4 are consistently greater than for MPC quenching of the fluorescence of I and 2 (Figure
thou for the polymer-bound labels. The (approximately) 12) are essentially linear. In all other cases we estimated
two-component fluorescence decay of the polymers, with the initial slopes of Jo/I vs Q] plots. Some experiments
ret 15 and 11 ns, has a similar average" lifetime to the were also conducted in which fluorophore lifetimes were
single-component decay (ro me 13 ns) of the models (Table measured in the presence of Q in order to obtain KD and
I), suggesting Q for the polymers is 2-4 times smaller k via eq 4.
than kQ for the models. This is attributable to the bulk A summary of the data for fluorescence quenching of
ofthe polymers andthe enhanced viscosityof the medium. 1-4 by MPC and CPC is given in Table III. In the case
The approximate hq values for the polymers (ca. (1-4) X of the fluorescence of 3 quenched by CPC (Figure 13) a
lotM-1 r) a intherange of being diffusion limited and very large initial slope (35 000 M-1) was obtained. This
indicate ready accessibility of these quenchers to the is attributed to complexation of the large hydrophobic
pyrene label. carboxylate anion of 3 (a carboxylic acid, but above its
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pK) with the large hydrophobic cation CPC. Quenching concentrations (up to 5 X 10-4 M) being comparable to
of the fluorescence of 4 by MPC (Figure 12) must be almost label concentrations. Once again the effect of CPC on the
entirely a dynamic process since Ksv = KD = 35 M- 1. The fluorescence of I is greater than that on the fluorescence
quenching rate constant for this process is 2.7 X 109 M- 1  of 2 at low [CPC], suggesting the surfactant quencher
s- l since o = 13.1 ns for 4 in deionized H20 (Table I). In interacts more strongly with polymer 1, which has blocks
contrast, CPC quenching of the fluorescence of 4 (Figure of hydrophobic pyrene labels. Thus hydrophobically
13) gave an initial slope of 4000 M- 1 >> KD = 60 M- 1, modified polymers form (static) hydrophobic aggregates
indicating a large component of static quenching by CPC. with surfactants such as CPC, even below the critical mi-
Sincec 4 is neutral (in contrqqf to 3), its association with celle concentration of the surfactant. Formation of such
CPC is hydrophobically driven. A hydrophobic salt is aggregates is the dominant mechanism of fluorescence
formed which is nonfluorescent and leads to predominantly quenching by CPC, the effect being most striking for the
static quenching, in contrast to MPC, which quenches by surfactant polymer 1. Such polymer/surfactant complexes
a purely dynamic mechanism. For CPC quenching of the are of interest from both fundamental3 and practical 31

fluorescence of 4 a value of kQ = 4.6 X 109 M-1 s-l can be points of view. It may also be significant that, at low
obtained from KD and ro. Thus, dynamic quenching of polymer concentrations, Ksv for the fluorescence of I
the fluorescence of 4 by both MPC and CPC occurs at quenched by CPC is about twice as large as the initial
near-diffusion-limited rates, slope for 2 quenched by CPC (recall that Ksv values for

The analysis of MPC and CPC quenching data for the 1 and 2 plus MPC are essentially identical). This may
polymers I and 2 is hindered by the complex fluorescence indicate that the hydrophobic CPC has some preference
decay behavior of the label in the polymer. This precludes for association with the blocky regions of I rather than the
our obtaining kQ values for the polymers using eq 4. more randomly spaced hydrophobic labels in 2. A number
However, careful examination of the Stern-Volmer plots of other groups',' 0*"*3 2- 34 have employed photophysical
of Io/I vs [Q] leads to some intriguing conclusions. Thus, techniques to observe surfactant interactions with pyrene-
MPC quenching of the fluorescence of I and 2 (Figure 12) labeled polymers. Our study differs in that we have also
gives essentially identical, linear Stern-Volmer plots with employed a quenching process to observe these interac-
slopes of 18 and 20 M - , respectively. The linear plots tions.
indicate either purely dynamic (slope = Ksv) or purely
static (slope = KG) quenching. Concentrations of MPC Conclusions
in the same range used for the Io/I vs [Q] experiments, This work dealt with the photophysics of pyrenesulfo-
markedly reduced the (nonexponential) decay of the namide-labeled water-soluble polymers prepared by either
fluorescence of I and 2.38 Although it is not meaningful a microheterogeneous surfactant copolymerization tech-
to obtain a kQ value for such a nonexponential decay, this nique or by a homogeneous solution polymerization
result indicates that MPC quenches the fluorescence of technique. The surfactant copolymerization technique
the polymers by a predominantly dynamic, diffusional yielded a pyrenesulfonamide-labeled copolymer 1, which
process. In this respect MPC is analogous to both N and proved to be a model associative thickener. Viscosity
I in its quenching behavior. Once again, the lower values profiles of this polymer in aqueous media exhibit a low
of Ksv for polymers I and 2 relative to models 3 and 4 can critical overlap concentration-typical associative thick-
be attributed to the bulk of the polymers and the enhanced ener behavior. A blocky microstructural tendency was
viscosity of the medium. demonstrated for this polymer from IE/IM ratios of the

CPC quenching of the fluorescence of low concentrations pyrenesulfonamide label. This microstructure is a con-
of I and 2 (Figure 14) gives quite a different result from sequence of the microheterogeneity present during the
MPC quenching. The Stern-Volmer plot for the surfac- surfactant copolymerization. Hydrophobic interactions
tant polymer I plus CPC is approximately linear with a of the label, as evidenced by IE/lM, parallel that of the
slope of ca. 3800 M-1 for [CPC] < ca. 4 X 10-4 M, whereas viscosity profile. The viscosity response of the polymer
the plot for the solution polymer 2 plus CPC is distinctly is therefore driven by the molecular, hydrophobic inter-
curved upward over the same range of [CPC] with a much actions of the pyrenesulfonamide label. These hydro-
lower initial slope of ca. 1900 M- 1. The near linear plot phobic interactions lead to a formation of static, ground-
for [CPC] and its high slope must be a consequence of state aggregates of the pyrene labels as denoted by
predominantly static quenching with KG t- 3800 M-1. excitation studies and lifetime measurements. Quench-
Assumption of dynamic quenching (i.e., Ksv = 3800 M-1) ing studies of the pyrenesulfonamide label imply that it
would lead to an unreasonably high kq of ca. 3 x loll M-1  resides in an open, aqueous environment accessible to hy-
-1 if -o = 13 ns is assumed for the polymer. Indeed, the drophilic quenchers such as iodide ion. The hydrophobic

slope of 3800 M- 1 for I plus CPC is very similar to the character of the label was verified by its interactions with
value of 4000 M- 1 obtained for neutral model 4 plus CPC. the hydrophobic CPC quencher; a static hydrophobic
We note that the (nonexponential) fluorescence decay is complex was formed.
minimally affected by addition of CPC quencher relative The solution polymerization technique gave a pyrene-
to MPC, thus verifying the static nature of the CPC- sulfonamide-labeled copolymer, 2, with largely intramo-
polymer label interaction.36 Presumably association of lecular associative behavior. Fluorescence measurements
both I and 4 with CPC is hydrophobically driven. The suggested this copolymer has a random microstructure,
solution polymer 2 also gives a large but lower initial slope as would be expected to result from the copolymerization
(1900 M-1) of the Stern-Volmer plot for CPC quenching. of two acrylamide monomers in a homogeneous medium.
The lower initial slope indicates less complexation, and The random microstructure of this polymer appears to
the curvature of the plot suggests a larger contribution of facilitate a compact conformation due to intramolecular
dynamic quenching for this polymer with randomly spaced hydrophobic interactions of the interspaced pyrenesulfo-
pyrene labels. Stern-Volmer plots for quenching of the namide label. The Huggins profile of this polymer in
fluorescence of higher concentrations of I and 2 by CPC aqueous solutions has zero slope, demonstrating a compact,
are shown in Figure 15. Both plots show marked upward noninteracting conformation. On a molecular level, Ip/
curvature most probably a consequence of the CPC IM values are independent of polymer concentration,
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paralleling the viscosity response of this system. Asso- (10) WinnuE, F. M. J. Phys. Chem. 1989, 93, 7452.

ciations of the pyrene label are also static. Although the (11) Winnik, F. M. Lungmuir 1990, 6, 522.

polymer conformation is compact, fluorescence quench- (12) Winnik, F. M. Macromolecules 1990, 23, 233.
and lifetime measurements suggest the pyrenesulfo- (13) Oyama, H. T.; Tang, W. T.; Frank, C. W. Macromolecules 1987,

i a tus20, 1839.
namide labels reside in a relatively aqueous microenvi- (14) Hemeker, D. J.; Garza, V.; Frank, C. W. Macromolecules 1990,
ronment and are approached and encountered by small 23, 4411.
molecules at or near the diffusional rate. Quenching of (15) Oyama, H. T.; Hemeker, D. J.; Frank, C. W. Macromolecules

this copolymer with the hydrophobic CPC confirmed the 1989, 22, 1255.
hydrophobiccharacter of the pyrenesulfonamidelabel d (16) Nakaro, Y.; Komiyama, J.; lijima, J. Colloid Polym. Sci. 1987,

265, 139.
its tendency to form static aggregates via hydrophobic (17) Horak, V.; Crist, D. R. J. Chem. Ed. 1975, 52, 665.
associations in H20. (18) Peer, W. J. In Polymers in Aqueous Media; Glass, J. E., Ed.;

In summary, we have employed photophysical tech- Advances in Chemistry Series 223; American Chemical Society:
Washington, DC 1989; p 411.niques to elucidate the associative behavior of pyrene- (19) Dowling, K. C.; Thomas, J. K. Macromolecules 1990,23, 1059.

oulfonamide-labeled polyacrylamides in aqueous media. (20) Israelachvili, J.; Pashley, R. Nature 1982, 300, 341.
Correlations between macroscopic (viscometric) and mo- (21) Israelachvili, J. Acc. Chem. Res. 1987, 20, 415.
lecular (photophysical) characterization methods have (22) Char, K.; Frank, C. W.; Gast, A. P. Macromolecules 1989, 22,
allowed us to develop structure-property relationships for 3177.

systems in which the pyrenesulfonamide moiety serves as (23) Avis, P.; Porter, G. J. Chem. Soc., Faraday Trans. 2 1974, 70,
the sole hydrophobe responsible for associative behavior. ( 1057.

(24) Birks, J. B. Photophysics of Aromatic Molecules; Wiley-In-
tersciences: New York, 1970; Chapter 7.
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WATER-SOLUBLE COPOLYMERS. XLI. COPOLYMERS
OF ACRYLAMIDE AND SODIUM 3-ACRYLAMIDO-
3-METHYLBUTANOATE

CHARLES L. McCORMICK* and LUIS C. SALAZAR

Department of Polymer Science
University of Southern Mississippi
Hattiesburg, Mississippi 39406-0076

ABSTRACT

Copolymers of acrylamide (AM, MI) with sodium 3-acrylamido-3-
methylbutanoate (NaAMB, M2) synthesized in 1 M NaCI (the ABAM2
series) are compared to those synthesized in deionized water (the
ABAMI series). At fixed feed ratios, higher incorporation rates were
found for NaAMB with increasing ionic strength of the polymerization
solvent. Reactivity ratios calculated by the methods of Kelen-Tid6s
changed from r, = 1.23 and r2 = 0.50 in deionized water to r, = 1.00
and r2 = 0.64 in I M NaCi. This change is in accord with a decrease in
electrostatic repulsion between the macroradical and unreacted NaAMB.
Dilute solution properties, examined as a function of composition and
added electrolytes, indicate differences in microstructure for the ABAM 1
and ABAM2 copolymers.

INTRODUCTION

Water-soluble polymers that maintain high solution viscosities in the presence
of added electrolytes have been the subject of our continuing research [1-3]. We
have previously studied the copolymers of sodium 3-acrylamido-3-methylbutanoate
(NaAMB, M2) with acrylamide (AM, M,) synthesized in deionized water [4, 5].
NaAMB (Fig. I) is the carboxylated version of the pH stable monomer sodium
2-acrylamido-2-methylpropanesulfonate (NaAMPS). These monomers feature two
geminal methyl groups that protect the amide functionality from hydrolysis. The
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CH2 =CH CH2 -CH CH2 =CH

C=O C=O C=O
I I I

NH2  NH NHI I
C 3 -C-CH 3  CH -C-CH 3

CH C
AMC=O C=O

I I
Q Na+  OH

NaAMB AMBA

FIG. 1. Structures of comonomers: acrylamide (AM); sodium 3-acrylamido-3-
methylbutanoate (NaAMB); and 3-acrylamido-3-methylbutanoic acid (AMBA).

acrylamido functionality allows polymerization to high molecular weights due to a
high value of P/k,.

Homopolymers of NaAMB and copolymers with AM are chain-extended,
water-soluble polymers known for their phase stability in the presence of Na*
and Ca2+ and in high-temperature environments [4, 51. Their attractive viscosity
characteristics and electrolyte tolerance have been attributed to neighboring group
and intraunit interactions.

In this study, we examine the effects of changing the ionic strength of the

polymerization solvent (water) on polymer microstructure and on solution proper-
ties. By synthesizing the homopolymer of NaAMB, and the copolymers with AM,
in the presence of electrolytes, we anticipate changes in microstructure and thus in
solution behavior [6].

EXPERIMENTAL

Materials and Monomer Synthesis

3-Acrylamido-3-methylbutanoic acid (AMBA) monomer was synthesized via
a Ritter reaction of equimolar amounts of 3,3-dimethylacrylic acid with acrylonitrile
as reported by Hoke and Robins [7] and modified by McCormick and Blackmon
[4]. AM from Aldrich was recrystallized twice from acetone prior to use. Potassium
persulfate from Aldrich was recrystallized twice from water prior to use. Reagent-
grade sodium chloride from Fisher Scientific was used without further purification.

Synthesis of Copolymers of Sodium 3-Acrylamido-3-Methylbutanoate
and Acrylamide In the Presence of NaCI

The ABAM2 series of copolymers was synthesized by free radical polymeriza-

tion of NaAMB with AM in I M NaCI solution. These copolymers were compared
with the copolymers of the analogous ABAM 1 series previously synthesized in de-
ionized water by McCormick and Blackmon [4). In both cases potassium persulfate

Tsoy e r e -
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was used as the initiator; the reactions were conducted at 300C and pH 9 with a
0.46 M monomer concentration. For each series the amount of acrylamide in the
feed varied from 25 to 90 mol%.

A typical synthesis involved the dissolution of specified quantities of the mo-
nomers in separate solutions. The sodium salt NaAMB was obtained by the addition
of NaOH to AMBA. The monomers were then mixed to form a single solution.
Following adjustment of the pH to 9, the reaction mixture was transferred to a
500-mL, three-necked, round-bottom flask equipped with a mechanical stirrer, ni-
trogen inlet, and gas bubbler. The mixture was sparged with nitrogen for 20 min
and then initiated with 0.1 mol% potassium persulfate. Samples were taken at low
and moderate conversions to study copolymer drift. The polymers were precipitated
in acetone, redissolved in deionized water, and then dialyzed using Spectra/Por 4
dialysis bags with molecular weight cutoffs of 12,000-14,000 Daltons. After isola-
tion by lyophilization, the copolymers were stored in desiccators. IR: ABAM2-100
homopolymer, N-H (broad), 3400-3300 cm-'; C-H, 2955 cm-'; amide C=O,
1655 cm-1; sodium salt C=O, 1580 cm - '. Typical copolymer: ABAM2-40, N-H
(broad), 3450-3300 cm-'; AM amide C=O, 1665 cm-'; NaAMB amide C=O,
1655 cm-'(s), 1520 cm - ' (m); sodium salt C=, 1580 cm- '. 3C NMR: ABAM2-40,
Acrylamido C=O, 182.3 ppm; NaAMB C=O, 178.1 ppm; chain CH2, 38.0 ppm;
chain CH, 44.6 ppm; gem CH 3, 29.0 ppm; NaAMB C, 55.4 ppm; NaAMB CH 2,
50.8 ppm.

Copolymer Characterization

Elemental analyses for carbon, hydrogen, and nitrogen were conducted by
M-H-W Laboratories (Phoenix, AZ) on both the low- and high-conversion copoly-
mer samples. '3C NMR spectra were obtained using 10 wt% aqueous (D20) polymer
solutions. The procedure for quantitatively determining copolymer compositions
from "C NMR has been discussed in detail elsewhere [8). FT-IR spectra for all
materials synthesized were obtained using a Perkin-Elmer 1600 Series FT-IR spec-
trophotometer. Light-scattering studies were performed on a Chromatix KMX-6
low-angle laser light-scattering spectrophotometer, and refractive index increments
were obtained using a Chromatix KMX-16 laser differential refractometer. All mea-
surements were conducted at 25 °C in 0.512 M NaCI at a pH of 7.0 + 0.1.

Viscosity Measurements

Stock solutions of sodium chloride (0.042, 0.086, 0.257, and 0.514 M NaCI)
were prepared by dissolving the appropriate amount of salt in deionized water in
volumetric flasks. Polymer solutions were then made by dissolution and dilution to
appropriate concentrations. After 2-3 weeks of aging, the solutions were analyzed
with a Contraves LS-30 rheometer.

RESULTS AND DISCUSSION

Copolymers of NaAMB and AM synthesized in deionized water (the ABAM 1
series) are expected to be different from those synthesized in a 1 M NaCl aqueous
solution (the ABAM2 series). At pH 9, well above the pKa of the carboxylic acid
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group, AMBA exists in its charged form, NaAMB (Fig. 1). During polymerization
the presence of NaCI should shield electrostatic interactions between charged
groups, minimizing charge-charge repulsion between the NaAMB units on the grow-
ing macromolecular chain and the unreacted NaAMB.

Effects of NaCI on Composition

Varying comonomer feed compositions were used to synthesize the ABAM2

copolymer series with aqueous 1 M NaCI as the polymerization solvent (Table 1).
The low conversion aliquots were taken when the reaction mixture first showed
signs of increased viscosity. The polymerizations were then allowed to proceed to
high conversion for optimum polymer yield. The compositions in Table I show a
small amount of compositional drift as a result of the increased conversion. For
example, the copolymerization conducted at a 60:40 ratio of AM:NaAMB showed
a 1.2% increase in M2 composition at 2476 conversion over that observed at 4.1%
conversion. The copolymers synthesized in deionized water did not exhibit copoly-
mer drift with increased conversion.

Elemental analysis was used to determine the copolymer compositions. The
weight percentages of carbon and nitrogen obtained from elemental analysis can be
represented by Eqs. (1) and (2).

076 C/12.01 = 3A + 8B (1)

076 N/14.01 = A + B (2)

TABLE 1. Reaction Parameters for the Copolymerization of Acrylamide (AM) with Sodium
3-Acrylamido-3-Methylbutanoate (NaAMB) Synthesized in 1 M NaCI

NaAMB in
Sample Feed ratio Reaction Conversion Weight Weight copolymer
number (AM:NaAMB) time (h) (070) (7 C) (% N) (mol%)*

ABAM2-10-1 90:10 2.25 8.6 46.47 15.42 9.6 + 0.2
ABAM2-10-2 90:10 4.42 20.1 45.66 15.08 10.6 + 0.2

ABAM2-25-1 75:25 1.33 3.8 46.64 12.98 23.8 E 0.5
ABAM2-25-2 75:25 10.25 14.1 - - 24.8 + 1.2b

ABAM2-40-1 60:40 1.5 4.1 47.21 11.44 36.3 * 0.9
ABAM2-40-2 60:40 8.0 24.0 46.46 11.12 37.5 h 0.9

ABAM2-60-1 40:60 1.5 11.4 47.62 9.83 53.0 ± 1.4
ABAM2-60-2 40:60 4.0 17.8 46.63 9.15 56.4 ± 1.5

ABAM2-75-1 25:75 1.5 8.6 46.87 8.57 67.6 + 1.9
ABAM2-75-2 25:75 3.0 30.6 45.49 8.15 70.2 ± 1.9

ABAM2-100 0:100 5.42 5.5 44.76 6.27 1OOC
ABAM2-0 100:0 6.5 50.3 - - c

'Determined from elemental analysis.
"Determined from 11C NMR.
'Theoretical value.
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TABLE 2. Reaction Parameters for the Copolymerization of Acrylamide (AM) with Sodium
3-Acrylamido-3-Methylbutanoate (NaAMB) Synthesized in Solvents of Varying Ionic Strengths
at a Fixed Feed Ratio

Ionic NaAMB in
Feed ratio strength Reaction Conversion Weight Weight copolymer

Sample number (AM:NaAMB) (mol/L) time (h) (%) (%/0 C) (/0N) (molllo)a

ABAM2-75(D.I.) 25:75 0.00 2.66 4.0 44.36 8.53 61.3 - 1.6
ABAM2-75(0.15) 25:75 0.15 2.66 7.1 44.39 8.60 60.4 ± 1.7
ABAM2-75(0.20) 25:75 0.20 4.00 3.5 46.34 8.76 63.4 ± 1.7
ABAM2-75(0.30) 25:75 0.30 3.75 23.6 46.88 8.58 67.5 + 1.8
ABAM2-75(0.45) 25:75 0.45 2.33 7.0 45.86 8.23 70.0 ± 1.9
ABAM2-75(I.00) 23:75 1.00 1.50 8.6 45.49 8.15 67.6 ± 1.2

'Determined by elemental analysis.

The coefficients A and B are the number of moles of AM and NaAMB, respectively,
in a normalized amount of copolymer, e.g., I g. The mole percent of each monomer
in the copolymer may then be determined using Eqs. (3) and (4).

mol% AM = A/(A + B) x 100% (3)
mol% NaAMB = B/(A + B) x 100% (4)

A second set of copnlymers was synthesized in which the ionic strength of the
polymerization solvent was varied while the copolymer composition was maintained
at 25:75 AM:NaAMB (Table 2). As illustrated in Fig. 2, increasing the ionic strength

75-

-~71 1
o TI

-IZ.

.59

55 I i
0.0 0.2 04 0.6 0.8 1.0 1.2

Conc. of NaCI (mol/L)

FIG. 2. Mole percent NaAMB incorporated into a copolymer as a function of salt
concentration when the feed ratio is kept constant at 25/75 mol% AM/NaAMB.
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of the polymerization solvent allows more NaAMB to be incorporated into the
copolymers up to a limiting composition. These results are similar to those of
Breslow and Kutner [9], who prepared polymers of sodium ethylenesulfonate. They
found an increase in the rate of polymerization and molecular weight upon the
addition of sodium acetate. This was attributed to the reduction of an electrostatic
effect which repels the ionic monomer from the negative charges on the growing
chain. The compositions of the copolymers in Table 2 indicate that a similar reduc-
tion in electrostatic repulsion has occurred in the presence of NaCl. However, the
relative hydrophobic character of NaAMB may also enhance its reactivity with the
terminal NaAMB mer on the propagating chain.

Effects of NaCI on Reactivity Ratios

The compositions of the low-conversion copolymers of the ABAMI and
ABAM2 series are compared in Table 3. For every feed composition, the copoly-
mers synthesized in the presence of NaC! had greater amounts of NaAMB incorpo-
rated. This information is presented graphically in Fig. 3. The data for the ABAM2
copolymers lie closer to the dashed line, which represents completely random copo-
lymerization. The reactivity ratios (Table 4) derived by the methods of Fineman-
Ross [101 and Kelen-Tuid6s [II] are closer to "ideal" (r, = r2 = 1) with added NaCI;
r, r2 values are 1.2, 0.5 in water and 1.0, 0.6 in NaCi solution, respectively. It is
interesting that the product rr 2 does not change significantly for the copolymers
made in the absence or presence of salt (Table 4).

TABLE 3. Compositions of Copolymers of Acrylamide
(AM) with Sodium 3-Acrylamido-3-Methylbutanoate
(NaAMB) Synthesized in Deionized Water (the ABAM I
series) and in 1 M NaC1 (the ABAM2 Series)

Polymer
Feed composition composition'

(mol%/) (mol%/)
Sample
number AM NaAMB AM NaAMB

ABAMI-10-1 90 10 92.0 8.0
ABAMI-25-1 75 25 79.7 20.3
ABAMI-40-1 60 40 68.6 31.2
ABAMI-60-1 40 60 51.6 48.4
ABAMI-75-1 25 75 37.9 63.1

ABAM2-10-1 90 10 90.4 9.6
ABAM2-25-1 75 25 76.2 23.8
ABAM2-40-1 60 40 63.7 36.3
APAM2-60-1 40 60 47.0 53.0
ABAM2-75-1 25 75 32.4 67.6

'Determined from elemental analysis.



WATER-SOLUBLE COPOLYMERS. XLI 199

100-

00000 ABAM1 Series /
Do0ooABAM2 Series

E 80/

C /
-- / 0

_o 
0

40 7

Z 0Z / 0

" 20 / 0

0 '
0 20 410 6o o 0

Mol % NaAMB in the Feed

FIG. 3. Mole percent NaAMB incorporated into the copolymers as a function of
comonomer feed ratio for the copolymers synthesized in deionized water (ABAM I series)
and in I M NaCI (ABAM2 series). The dashed line represents r, = r2 = 1.0.

Changes in Copolymer Microstructure

Statistical microstructural information can be obtained using the equations of
lgarashi [12] and Pyun [13]. These methods allow calculation of the fractions of M,-
M,, M 2-M 2, and M,-M 2 units in the copolymers from experimentally determined
reactivity ratios and copolymer composition.

The results obtained for the copolymers (Table 5) support the premise that
changing the ionic strength of the polymerization solvent should lead to different
copolymer microstructures. However, when the number of NaAMB-centered triads
is plotted as a function of copolymer composition (Fig. 4), the ABAMI and
ABAM2 series data fall on the same curve. The dashed line represents the triad
distribution for an r~r 2 value of 0.64. Igarashi's equations depend on the inverse of
r~r2, and as long as this product remains the same, the outcome of the equations
will be the same.

Harwood, Park, and Santee discussed the inadequacies of reactivity ratios by
examining the microstructure of acrylamide copolymers using a catalyzed intra-

TABLE 4. Reactivity Ratios for the ABAMI and ABAM2 Copolymer Series Determined

Using the Methods of Kelen-Tid6s and Fineman-Ross

ABAMI ABAM2

Method r, r2  rjr2  r, r2  rr 2

Kelen-Thdos 1.23 h 0.02 0.50 + 0.04 0.62 1.00 h 0.03 0.64 + 0.05 0.64
Fineman-Ross 1.20 + 0.02 0.47 k 0.05 0.56 0.98 k 0.03 0.59 + 0.05 0.58
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TABLE 5. Structural Data for the Copolymers of Acrylamide (AM, M,) with
Sodium 3-Acrylamido-3-Methylbutanoate (NaAMB, M 2) Synthesized in
Deionized Water and I M NaCl

Mean
Blockiness sequence

NaAMB in (mol%) Alternation length
Sample copolymer (mol%)
number (mol°lo) M,-M, M 2-M 2  (M-M 2) M M2

ABAMI-10-1 8.0 84.3 0.4 15.3 11.8 1.1
ABAMI-25-1 20.3 62.2 2.8 35.0 4.6 1.2
ABAM1-40-1 31.2 44.8 7.2 48.0 2.8 1.3
ABAMI-60-1 48.4 21.3 19.9 57.0 1.8 1.7
ABAMI-75-1 63.1 10.6 36.8 52.6 1.4 2.4

ABAM2-10-1 9.6 81.4 0.6 18.1 9.8 1.1
ABAM2-25-1 23.8 56.4 4.0 39.6 3.9 1.2
ABAM2-40-1 36.3 37.8 10.4 51.9 2.5 1.4
ABAM2-60-1 53.0 18.7 24.8 56.5 1.7 1.9
ABAM2-75-1 67.6 8.0 43.2 48.8 1.3 2.8

25

00000 ABAM1 Series
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20
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€10 I0
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FIG. 4. Number of NaAMB monomer unit centered triads as a function of polymer
composition for ABAMI and ABAM2 copolymers. The dashed line represents the triad
distribution for any polymer with rr 2 = 0.64 regardless of the values of r, and r2.
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sequence cyclization technique [14]. They found that synthesizing copolymers of
acrylamide with styrene in a variety of solvents led to copolymers with the same
microstructure despite extreme differences in reactivity ratios.

Viscometric Studies

Effects of Copolymer Composition

The viscosity data obtained in this work indicate a change in the microstruc-
ture of the copolymers after change of the ionic strength of the polymerization
solvents. The intrinsic viscosities, obtained from Huggins plots, for the ABAMI
and ABAM2 series copolymers are shown in Fig. 5. For both series, the highest
intrinsic viscosities were obtained from the copolymers containing less than 40
mol% of NaAMB. Counterion condensation likely occurs at compositions with
more NaAMB. Additionally, decreasing molecular weight occurs with increasing
NaAMB incorporation yielding lower viscosities.

The differences in location of the viscosity maxima may be due to neighboring
group effects. At certain compositions, the monomer units along the backbone can
interact via hydrogen bonding to form chain-stiffening structures [2]. The frequency
of these interactions will depend on the polymer microstructure. From Fig. 6 it
appears that the highest viscosities in deionized water are produced when the com-
position of NaAMB lies between 10 and 25 molo for the ABAM1 series and
between 20 and 40 mol% for the ABAM2 series. The lack of smoothness of the
viscosity copolymer composition curve from the ABAMI series has been reported
previously and may be due to conformational restrictions due to nearest-neighbor
interactions [5].

00000 ABAM1 Series
00000 ABAM2 Series

0

.~ 0 0
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00
o.

.0, 
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0 20 40 6b 8'0 100
NaAMB in Copolymer (mol %)

FIG. 5. Compositional effect on intrinsic viscosity for the ABAMI and ABAM2
copolymer series in 0.514 M NaCI determined with a shear rate of 1.75 s-' at 300C.
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FIG. 6. Effect of sodium chloride concentration on the intrinsic viscosities of
ABAMI and ABAM2 copolymers determined at 300C with a shear rate of 1.25 s-

Effects of Molecular Weight

Molecular weight affects the dilute solution behavior of copolymers. Table 6
compares the molecular weights of the copolymers made in deionized and salt
water. Samples ABAMI-10-2 and ABAM2-25-2 have molecular weights of 15.6 x
106 and 16.0 x 106 g/mol, respectively. These two copolymers also have similar
zero-shear intrinsic viscosities. Second-virial coefficients indicate that even though
ABAM1-10-2 has less charge than ABAM2-25-2, it is better solvated.

Samples ABAM 1-25-2 and ABAM2-40-2 also have similar molecular weights,
but their viscosities are markedly different. The dissimilar second-virial coefficients
indicate the importance of polymer solvation on hydrodynamic volumes in solution.

TABLE 6. Molecular Weight and Second-Virial-Coefficient Data for
the ABAM I and ABAM2 Copolymer Series

Composition
Sample MW A2

number AM NaAMB (x 10-6 g/mol) (x 104mL-mol/g 2)

ABAMI-10-2 91.6 8.4 15.6 4.28
ABAMI-25-2 79.9 20.1 12.9 1.52
ABAMI-60-2 50.2 49.8 14.0 3.49

ABAM2-10-2 90.4 9.6 6.8 4.39
ABAM2-25-2 76.2 23.8 16.0 3.60
ABAM2-40-2 63.7 36.3 11.9 4.02
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The small A2 values for both ABAMI-25-2 and ABAM2-25-2 suggest the existence
of microstructural interactions like those discussed above.

Effects of Added Electrolytes

The relationship of zero-shear intrinsic viscosity to ionic strength for a number
of ABAMI and ABAM2 copolymers as a function of ionic strength is illustrated in
Fig. 6. Typical polyelectrolyte behavior is observed. The polymer chains collapse as
the ionic strength of the solvent increases. The change of intrinsic viscosity with
ionic strength has been used as a qualitative measure of chain flexibility. Smidsrod
and Haug [15] obtained what they called a "stiffness parameter," B, utilizing Eq.
(5) in which S is the slope of the plot of [if as a function of the inverse square root
of the ionic strength and [iflM is the intrinsic viscosity at a given salt concentration.
The exponent r is assumed invariant to polymer type and has an approximate value
of 1.3

S = B-Q(im)' (5)

Values of B are generally low for polymers that retain their viscosity (remain ex-
tended) with increasing electrolyte concentration. Higher B values are reported for
flexible polymers. It should be noted that B is inversely related to measures of
stiffness such as persistence length on the steric factor 1151. In general, B values
(Table 7) for the copolymers in this work are higher for the ABAM2 series than for
the ABAM 1 series for similar overall compositions up to 65 mol%. Differences in
the aqueous solution viscosities for very similar molecular weights can only be
attributed to microstructural differences.

Interestingly, ABAMI-10-2 with 8.4 nol% NaAMB in the copolymer exhibits
the best electrolyte tolerance over a wide range of NaCl concentrations consistent

TABLE 7. Comparison of the ABAMI and
ABAM2 Copolymer Series Based on the Smidsrod
and Haug Stiffness Parameter

NaAMB in
Sample copolymer B
number (molv0) (Id10.514M)

ABAMI-10-2 8.4 0.03
ABAM 1-25-2 20.1 0.07
ABAMI-40-2 31.4 0.12
ABAMI-60-2 49.8 0.12
ABAMI-75-2 63.6 0.11

ABAM2-10-2 10.6 0.06
ABAM2-25-2 24.8 0.15
ABAM2-40-2 37.5 0.20
ABAM2-60-2 56.4 0.16
ABAM2-75-2 70.2 0.11
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with our previous observations [2, 4, 5]. Neighboring-group interactions between
isolated NaAMB units and acrylamide are suggested to be responsible for chain
stiffening. More random placement of NaAMB units, as experimentally observed
in synthesis from NaCI solutions, leads to higher B values and less stiffening.
Finally, above 65 mol% few isolated NaAMB units are available for placement
between neighboring acrylamide units and smaller differences in stiffness are ob-
served in the two series of copolymers.

CONCLUSIONS

The addition of NaCI to the aqueous reaction medium results in more random
copolymerization of acrylamide with NaAMB. Reactivity ratios determined experi-
mentally at pH 9 changed from r, = 1.23 and r2 = 0.50 for AM, NaAMB (M,
M 2) in deionized water to r, = 1.00 and r2 = 0.64 in NaCI. The change is in accord
with screening of electrostatic repulsion between the growing chain and the charged
monomer [16, 171. As a result, 7.1% more NaAMB is incorporated at a 25:75 AM:
NaAMB feed ratio.

It was anticipated that reactivity ratio changes might lead to significantly
different distributions of monomer sequences and persistence of length changes.
Calculations using Igarashi's method show nearly identical NaAMB-centered triad
distributions for copolymerizations in deionized or I M NaCI solutions. Unfortu-
nately, the calculated distributions only reflect that the mathematical product r, r2
is approximately 0.6 in both cases. This has no apparent physical significance.

Dilute solution behavior of the respective ABAMI and ABAM2 series as a
function of electrolyte concentration reveals significant microstructural differences.
Qualitative comparisons of chain stiffness using the Smidsrod-Haug treatment [15]
indicate microstructural effects -probably hydrogen-bonding interactions of
NaAMB with adjacent AM units-are more effective in maintaining chain dimen-
sions. Such interactions are more effectively attained in synthesis at pH 9 from
deionized water than from 1 M NaCI.

Technologically the NaAMB/AM copolymers continue to be of great interest
owing to their unusually high viscosity maintenance and phase stability in high-
electrolyte and high-temperature environments.
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ABSTRA(Th Copolymers of sodium 2-(acrylamido)-2-methylpropanesulfonate (NaAMEPS) with 12-(acryl-
amido)-2-inethylpropylltrimnethylammonium chloride (AMPTAC) have been prepared by free-radical po-
lymerization in a 0.5 M NaCI aqueous solution using potassium persulfate as the initiator. Copolymer
compositions were obtained by 13C NMR and elemental analysis. An r1r2 value of 0.31 indicates an alternating
microstructure for NaAMPS and AMPTAC monomer units. Molecular weights, second virial coefficients,
diffusion coefficients, and average diameters were found using classical and quasielastic low-angle laser light
scattering. As the compositions of the copolymers approach equal molar concentrations of NaAMPS and
AMPTAC, polyampholyte behavior is observed. The second virial coefficients can be used to distinguish
the polyelectrolyte/polyampholyte tansition as a function of copolymer composition. The dilute-solution
properties of the copolymers, as well as those of the NaAMPS and AMPTAC homnopolymers, have been
studied as related to composition, pH, temperature, and added electrolytes.

Introduction CH2=CH CH2 =C C 2 =
60o c=O c=oWater-soluble copolymers showing tolerance to added I g11

electrolytes have been the subject of research in our NH NH NH

laboratories in recent years. Of particular interest have IH--H H--H CH 3-CIH
been hydrophilic polyampholytes that exhibit enhancedC'H 2C,2
viecoitywith added salts.'4 Such copolymers containing IjH I~
acidic and basic moieties were reported a early as the S03 ' Na* CH3 -N*LCH 3  CH3 -N-CH 3
1950s For example, Alfrey and Morawetz reported the CH3 CA H C1
synthesis of vinyl polyampholytes from copolymerization NaAWMPS AMPFAC AhMAC
of 2-vinylpyridine and methacrylic acid.10 These poly- Fgr1.Sucrefothmnmrsodm (aylmd-
ampholytes behaved as polyanions in alkaline solution Fime 1. Sructuesfor te onmers) som2-(acrylamido)-e
and as polycations in acidic solution. Ehrlich and Doty ylpropylltrimethylammonium chloride (ALIPTAC), and [2-

copoymeize2-(dimethylaminOethyl methacrylate with (acrlsmido)-2-methylpropylldimethylammoniumhydrochloride
meothacrylic acid, varying the composition of the latter (AMPDAC).
from 23 to 57 mol %.11 The solution and light scattering
properties of the copolymer which had 53.7 mol % meth- Experimental Section
acrylic acid were studied at the isoelectric point. The Materials and Monomer Synthesis. 2-(Acrylamido)-2-me-
polymer coils possessed negative second virial coefficients thylpropnsmulfonic acid (NaAIAPS) was obtained from Fluka,
A2, indicating that the hydrodynamic volume of the coils and purified by recrystallization from a methanoll2-propenol
was reduced by inrmlclrattractions between the solvent system. Methyl iodide from Aldrich was used without
positive and negatively charged groups. further purification. Synthesis of[J2-(acrylamido)-2-methypro-

polymphoytes pylitrimethylammonium chloride (AMPTAC) by a multistepMore recently Salamione et al. studied poymhlts procedure has been previously reported.18 Briefly, [2-(acryla-
made by pairing amionic and catiomc: monomers and then mido)-2-methylpropylldimethylamine was reacted with a 10-
polymerizig them into highly alternatingcopolymers.'-1 fold excess of methy iodide in refluxing diethyl ether and then
The observed solution behavior was consistent with that ion-exchanged to yield the product AMPTAC. Potassium per-
ofhighchargedensitypoyamphoytes. We reported poly- sulfate from J. T. Baker was recrystallized twice hrom deionized
ampholytus containing the cationic monomer (2-(acryla- water prior to use.
mido)-2-msthylproyldimethyiammonium hydrochloride Synthesis of Copolymers of Sodium 2-(Acrylamido)-
(AMPDAC)." The cationic copolymers at low pH were naethyliiroaesulfonate with [2-(Aerylamldo)-2-metkyl-
subject to dehydrochiorination to reduce segmental re- propylltriusethylmimoulum Chloride. The homopolymersof NaAMPS and AMPTAC and the copolymers of AMPTAC
pulsions, making structure/behavior assessment more with NaAMPS (tUATASeies' weresynthesized byfree-radical
difficult. The quaternary cationic monomer (2-(acryl- polymerization in aO0.5 M NaCl aqueous solution under nitrogen
amldo)..2-mthylpropylltrimethylammonium chloride at 30 *C using 0.1 moI % potmium persulfate as the initiator.
(AMPTAC) was synthesized to solve this problem.6-1This Thei synthesis and purification procedures have been reported
monomer not only features a quaternized ammni_ previously.l?*0 The feed ratio of NsAMPS/AMdPTAC was varied
moiety which remains charged regardless of pH but an from W.10to 30:70mol %,with the total monomeroncentratioa
amide group which is protected from hydrolysis by gm. held ennstantat.45 M. Mquecus NaCI solutions as the reaction

inalmetyl goup. Ths pper epots cpo m -o medium ensured that the copolymers remained homogeneousSethyl andupA.PThis papigurepo)rtIncthisysers Of during polymerization.
N&AW an AMTAC(Fiure1).In hisseres he A copolymers ware soluble in deionize water except for

monomers will retain their respective charges over a wide ATAS-6O. 7m copolymer precipitated from solution during
PH ranige, therefore, the monomer ratio will dictate dialysis and remained insoluble until NaCI was added. Thy-
polymer net charge and the resulting solution properties. drogel' was washed repeatedly with deionized water to rmove

0024-9M9/92/2225-1896$03.00/0 0 1992 American Chemical Society
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Table I
Reaction Parameters for the Copolymerization of Sodium 2-(Acrylamido)-2-methylpropanesulfonate (NaAMPS) with

[2-(Acrylamido)-2-methylpropyljtrimethylammonium Chloride (AMPTAC)

feed ratio for reaction cohvn, weight AMPTAC in copolymer, mol %
sample NaAMPS/AMPTAC time, h % % C % N %S a b

ATAS-10-1 90.10 3.3 22.3 31.26 5.79 9.86 14.7 * 0.4
ATAS-10-2 90.10 3.8 38.3 21.3 k 1.3
ATAS-25-1 75:25 1.5 16.2 42.52 7.79 8.38 36.1 :k 1.1
ATAS-25-2 75:25 3.3 42.0 36.1 * 2.2
ATAS-40-1 60.40 1.4 28.9 45.55 8.80 7.58 45.4 * 1.4
ATAS-40-2 60.40 3.5 34.6 40.0 1 2.4
ATAS-50-1 50.50 3.3 15.0 46.92 9.37 6.84 51.7 * 1.6
ATAS-50-2 50.50 16 61.2 51.0: .3.1
ATAS-70-1 30.70 1.5 14.2 47.40 9.81 4.65 65.7 * 2.0
ATAS-70-2 30.70 2.5 24.7 62.0 + 3.7
ATAS-0 100:0 5.8 58.6 0' 0'
ATAS-100 0.100 5.5 41.2 100' 100'
'Determined from elemental analysis. b Determined from 13C NMR. 'Theoretical.

any remaining salt or monomer and was then lyophilized. 1h00
Conversions were determined gravimetrically. Table I lists
reaction parameters for the copolymerization of AMPTAC with
NaAMPS and the homopolymerizations of NaAMPS and AMP- E
TAC. FT-IR (copolymer ATAS-50): 3440 (s, NH) 3296 (s, NH); .- 80
3063-2935 (m, CH) 1655 (a, C-0) 1549 (C=O); 1208 cm-' (s,
SO). 1C NMR (copolymer ATAS-50): NaAMPS, 6178.8 (C==O); 1..

AMPTAC, 6 178.2 (C-O), 57.8 (quaternary CH3), 37.8 (chain
CHI), 46.0 (chain CH), 29.4 (gem methyls CH3). E 60.

Copolymer Characterization. Elemental analyses for car- 21
bon, hydrogen, nitrogen, and sulfur were conducted by M-H-W 0a-

Laboratories of Phoenix, AZ, on the low-conversion copolymer 0
samples. Copolymer compositions were confirmed using 13C 0 40
NMR by integration of the amide carbonyl peaks.' 13C NMR
spectra were obtained using 10 w/w % aqueous ()2O) polymer . -

solutionswithDSSasthereference. FT-IRspectrawereobtained 20
using a Perkin-Elmer 1600 Series FT-IRspectrophotometer. Mo-
lecular weight studies were performed on a Chromatix KMX-6 -V
low-angle laser light scattering instrument. Refractive index
increments were obtained using a Chromatix KMX-16 laser __/

differential refractometer. ForquasielasticlightscatteringaLan-
gley-Ford Model LF1-64 channel digital correlator was used in 0 20 40 60 so 100
conjunction with the KMX-6. All measurements were conducted AMPTAC in Feed (mol %)
at 25 "C in I M NaCL Figure 2. Mole percent AMPTAC incorporated into the ATAS

ViscosityMeasurement Stocksolutionsofsodiumchloride copolymers as a function of the comonomer feed ratio. The
(0.10, 0.20, 0.30, 0.50, and 0.75 M NaCI) were prepared by dashed line represents an ideal random incorporation.
dissolving the appropriate amount of salt in deionized water.
Polymer stock solution. wer then made bydissolvingaspecified Compositional Studies. Elemental analysis was used
amount of polymer in solvent from these salt solutions. The to determine the copolymer compositions from nitrogen
solutions were then diluted to required concentrations and and sulfur content represented by eqs I and 2. The
allowed to age for 2-3 weeks before being analyzed with a Con-
traves LS-30 rheometer. Triplicate samples were prepared of % N/4.01 = A + 2B (I)
each concentration to reduce experimental error. Intrinsic
viscosities were evaluated using the Huggins equation.3 .  % S/32.06 = A (2)

Result.s ad Discussion coefficients A and B are the number of moles of NaAMPS
The ATAS series of copolymers was synthesized by and AMPTAC, respectively, in a normalized amount of

varying the ratio of NaAMPS and AMPTAC from 90.10 copolymer, e.g., 1 g. The mole percent of each monomer
to 3W.70 mol % in the feed. Reaction parameters and the in the copolymer may then be determined using eq 3 and
resulting copolymer compositions determined by elemental 4.
analysis or 13C NMR are given in Table I. The number
appended to the acronym ATAS refers to the amount of mol % NaAMPS = AI(A + B) X 100% (3)
AMPTAC in the feed. This series differs from the
previouslystudiedADASseries.'4inwhich AMPDACwas mol % AMPTAC = B/(A + B) X 100% (4)
the cationic monomer. The quaternary ammonium group
of AMPTAC has been shown to be a stable cationic moiety Integration of 1

3 C NMR amide carbonyl peaks also gave
which remains charged over a wide pH range.' When the mole percent of NaAMPS and AMPTAC in the
AMPDAC was used in the ADAS copolymers, the exact copolymers. This information agrees favorably with that
number of cations present was never precisely known due derived from elemental analysis. The low- and high-
to loss of HCI from the tertiary amine hydrochloride in conversion data differ significantly only for ATAS-10 in
aqueous solution. The AMPTAC monomer and ATAS which compositional drift would be expected for an
copolyner have no facile route for charge elimination alternating copolymerization as indicated by the values of
other than counterion condensation, making them better r and r2 . The copolymer compositions as a function of
suited for structure/property studies. feed composition are shown in Figure 2. A copolymeri-
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Table 11
Reactivity Ratios for the ATAS and ADAS Copolymer Series Determined Using the Methods of Kelen-Tkd6s and

Fineman-Ross

ATAS ADAS

method r r2  r1r2  rl r2  rjr2

Kelen-Todas 0.50 * 0.02 0.62 + 0.02 0.31 0.22 * 0.02 0.31 * 0.04 0.07
Fineman-Roe 0.58 k 0.06 0.87 * 0.09 0.50 0.22 * 0.03 0.33 + 0.05 0.07

Table III value for the series. The data are consistent with the
Structural Data for the Copolymers of Sodium expected polyelectrolyte/polyampholyte transitions de-

2-(Acrylamido)-2-ethylpropanesulfonate (NaAMPS, Mi) pending on the extent of AMPTAC incorporation in thewith f2-(Acrylamido)-2-methylpropyi]t rimerthylammonium cooyesHgganJanyhvpretdtertil
Chloride (AMPTAC, M2) copolymers. Higgs and Joanny have presented theoretical

predictions which agree with our results.2

mean The narrow distributions of experimental values for the
AMPTAC in blockiness, alternation sequence

copolymer,4 mol % for M1-M 2, length diffusion coefficients (Do) and average hydrodynamic
sample mol % M1-M M2-M2 tool % MI M2  diameters (do) are consistent with the viscosity behavior

of the copolymers in electrolyte solutions. In 1 M NaCl,ATAS-25 14.7 71.4 0.8 30.5 5.5 1.1 the ATAS copolymers are neither chain extended nor chain

ATAS-40 45.4 22.9 13.6 63.2 1.8 1.4 constricted due to charge screening. In deionized water,
ATAS-50 51.7 16.3 19.6 64.1 1.5 1.6 large differences would be expected for polyampholytes,
ATAS-70 65.7 6.4 37.8 54.5 1.2 2.5 i.e., ATAS-50-2, and polyelectrolytes, i.e., ATAS-10-2 and

0 Determined from elemental analysis. ATAS-70-2 (Table IV), where strong electrostatic effects
would dominate. Experimental difficulties, unfortunately,

zation in which an ideally random copolymer would be preclude meaningful light scattering studies of the high
formed is represented by the dashed line, charge density polyampholytes in deionized water. Vis.

fRetiit Ratioentd Microtructred Stud . R cometric studies, however, support the above discussion.
activity ratios for the ATAS series were determined from Viscometric Studies. The dilute-solution behavior

the feed ratios of the monomers and the resultant of the ATAS series was studied with respectto composition,
copolymer compositions obtained by elemental analysis, temperature, pH, and added electrolytes. ApparentThe traditional methods of Fineman-Ross2 1 and Kelen- viscosities of the polymers were measured at polymer
Tkd eU were employed to determine the monomer re- concentrations below C* using a Contraves LS-30 low-
activity ratios from the low-conversion copolymer samples. shear rheometer. The solutions were aged 2-3 weeks to
The Fineman-Ross method gave reactivity ratios of allow equilibration of polymer conformations in solution.
NaAMPS (Mi) and AMPTAC (M2) of ri = 0.58 and r2 = Intrinsic viscosities were calculated using the Huggins
0.87. The Kelen-TOd6s method produced reactivity ratios relationship.
of 0.50 and 0.62 r, and r2, respectively, and rjr2 = 0.31 The solution behavior of the homopolymer ATAS-100
(Table II). The copolymer compositions as a function of was previously examined in the pH range of 3-11 in 0.1
feed composition for the ATAS series are shown in Figure M NaCL17 No dependence of the apparent viscosity was
2. The experimental data suggest the ATAS copolymers, observed. Each copolymer of AMPTAC with the sulfonate
like the previously reported series ADAS, are highly monomer NaAMPS should be nondependent on changes
alternating, in pH above 3 since the sulfonate group remains ionized.

Microstructural information was obtained statistically Intrinsic viscosities for the copolymers ATAS-50 and
using the equations of Igarashi and Pyun24 and is -70 and the homopolymer ATAS-100 are relatively inde-
presented in Table I. The Igarashi method calculates pendentof temperature when measuredindeionized water
the fractions of NaAMPS-NaAMPS, AMPTAC-AMP- and in 0.5 M NaCI in the temperature range of 25-60 *C.
TAC, and NaAMPS-AMPTAC units in the copolymers Most polyelectrolytes exhibit reductions in viscosity as a
as a function of reactivity ratios and copolymer compo- function of increasing temperature due to the elimination
sitions. The Pyun method calculates the mean sequence of rotational restrictions. Increases in conformational
length of the monomers in each copolymer. The data freedom may be offset by water restructuring around the
clearly indicate the alternating tendency of the monomer NaAMPS and AMPTAC ion pairs.
sequences. The ATAS copolymers, however, do not Effects of Copolymer Composition. The apparent
possess the degrees of alternation obtained for the ADAS viscosities of the ATAS copolymers in deionized water
copolymers. For example, ADAS-50 had a 15 mol % higher plotted as a function of composition are shown in Figure
alternation value than the analogous ATAS-50. This is 3. A decrease in the apparent viscosity develops as the
indicative of NaAMPS/AMPDAC having a stronger molar ratio of NaAMPS and AMPTAC approaches unity.
interaction than the NaAMPS/AMPTAC ion pair. The curve is discontinuous due to the insolubility of ATAS-

Light Scattering Studies. Classical and quasielastic 50-2 in the absence ofadded electrolytes. This is the result
light scattering data for the ATAS series are presented in of decreasing polymer hydrodynamic volume caused by
Table IV. The polymers have molecular weights from increasing intramolecular associations. The ADAS co-
1.47 x 106 for the ATAS-100 homopolymer to 7.92 X 106 polymers displayed a similar effect.3 ,4

for ATAS-40-2. The second virial coefficients (A2) were The effects of composition on the intrinsic viscosity in
found to exhibit dependence on copolymer composition. NaCI solutions are displayed in Figure 4. The homopoly-
ATAS-0-2 with a 050 mol % charge composition is better mer ATAS-0 and the copolymers ATAS-10-2, -25-2, -40-2,
solvated in the presence of electrolytes than the copolymers and -50-2 have comparable molecular weights which lead
with charge imbalances. ATAS-25-2 has a negative A2  to similar viscosities in 0.75 M NaCI. In 0.1 M NaCl, the
value while ATAS-50-2 has an A 2 value of 0.763 x 10- 4  polyelectrolyte effect dominates solution viscosity and
mL.mol/g2. Similar results had been observed for the significantdifferencesduetocompositioncanbediscerned.
ADAS copolymers in which ADAS-50 had the highest A 2 Copolymers with more NaAMPS than AMPTAC act as
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Table IV
Claslcal and Quasllastic Light Scattering Data for Copolymers of Sodium 2-(Acrylamido)-2-methylpropanesulfonate

(NaAMPS) with [2-(Acrylanido)-2-methylpropyl]trimethylammonium Chloride (AMPTAC)
AMPTAC in A2 X 10, Do x 108,

sample copolymer," mol % dn/dc M, x 10-6 mlemoi/g 2  cm 2/g do, A DP X 10- 4

ATAS-0 0.0 0.1116 6.12 0.92 3.87 1270 2.23
ATAS-10-2 14.7 0.1190 8.22 0.49 4.19 1300 2.67
ATAS-25-2 36.1 0.1229 6.20 -0.02 4.73 1050 3.61
ATAS-40-2 45.4 0.1405 7.92 0.59 3.85 1290 2.75
ATAS-50-2 51.7 0.1445 7.68 0.76 4.63 1000 3.52
ATAS-70-2 65.7 0.1454 4.98 0.34 4.06 1250 3.42
ATAS-100 100.0 0.1458 1.47 2.11 6.37 920 0.67

Determined from elemental analysis.

8 15

0 00000 ATAS-O
ooooo ATAS-10

0 A&A& ATAS-25
CL C3112 - 00000 ATAS-40

-6 ***** ATAS-50-O 0 +++++ ATAS-70
x,( xATAS- 100

0' 0

+ §
UU) 0

462 + +

CL Ca- • ) C X _ X X

0 -0 .* I

0 20 40 60 80 1 0.0 0.2 0.4 0.6 0.8 1.0

Mole s AMPTAC in Copolymer Salt Conc. (M)

Figure 3. Effect of copolymer composition on the apparent Figure 5. Intrinsic viscosities for the ATAS copolymers as a
viscosity of 0.025 g/dL ATAS polymer solutions in deionized function of NaCI concentration determined at a shear rate of
water at 25 *C at a shear rate of 5.96 a-. 5.96 s.

18- viscosities due to polycationic character. The intrinsic

,1- .viscosity of ATAS-50-2, which is insoluble in deionized
Cn QQ 0. 1 OM NoCl water, increases with increasing ionic strength.

N. 15- QQfW 0.75M NoCl
-J Effects of Added Electrolytes. The effects of sodium
v "chloride on the intrinsic viscosities of the ATAS copolymers

12 and ATAS-0 and ATAS-100 were determined at a shear
>% rate of 5.96 s -l at 25 'C (Figure 5). ATAS-0, the anionic

homopolymer of NaAMPS, shows the greatest decrease
0 9- in viscosity as the NaCI concentration increases. As more
U AMPTAC is incorporated into the copolymer, this effect
.0 becomes less pronounced due to the transition from poly-

6- electrolyte to polyampholyte character. ATAS-40-2 lies
near the polyampholyte composition region but still
possesses a net charge. This leads to a small change in
viscosity for ATAS-40-2 with increasing ionic strength. At

C ) equal molar concentrations of each monomer (ATAS-50-
2), there is an increase in the viscosity. The copolymer

000 ATAS-70-2 lies on the edge of the polyelectrolyte/poly-
0 4b o So 100 ampholyte transition and thus shows a small decrease in
AMPTAC in Copolymer (mol %) the intrinsic viscosity.

Figure 4. Intrinsic viscosity of the ATAS copolymer series as The intrinsic viscosity of each sample was plotted as a
afunction of thecomposition in 0.10 and 0.75M NaCldetermined function of the inverse square root of the ionic strength
at a shear rate of 5.96 s- at 25 "C. (Figure 6). Polyelectrolytes show a direct linear depend-

ence when plotted in this manner.2 The polymers ATAS-
polymnions. AstheamountofAMPTACinthecopolymers 0, -10-2, and -100 exhibit linear behavior and positive
increases to 50 mol %, the viscosity decreases as a result slopes. The copolymers ATAS-50-2 and -40-2 exhibit
of increasing polyampholyte character. This behavior slightly negative slopes indicative of polyampholyte nature
agres with the second virial coefficient data. The and consistent with the second virial coefficient data.
copolymer ATAS-70-2 which has 65.7 mol % AMPTAC Intermediate behavior is observed for ATAS-25-2 and
and the homopolymer ATAS-100 have low intrinsic ATAS-70-2.
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15 synthesis of high charge density polyelectrolytes and poly-
oooo ATAS- 10 0 ampholytes with precisely known charge ratios, thus

&,A&A ATAS-25 allowing accurate assessment of structure/property rela-
2 00000 ATAS-40 tionships.

(312,- ***** ATAS-50
-  +++ ATAS-70 0  Acknowledgment is due to Kent Newman for the 13C

xAA 10 NMR work, Kelly Anderson for helping with the visco-

9 0 metric studies, and the Department of Energy, the Office
>1 .. of Naval Research, and the Defense Advanced Research
"- Projects Agency for support of this research.o o
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Hlydrophobically Associating Water Soluble

Cop olymers for the Study of Drag Reduction

P. S. uxcx mm C. L. MCORMC
University of Southern Mississippi
Department of Polymer ScienceI Hattiesbur, MS 39406-0076, U.S.A.

IN1TRODUCTION values of (%DR/bi)C). the partent drag reduction per unit volume fraction. at the

lowest volume fractions. Of the polymers we have investigated thus far, the
Frictional resistance in turbulent flow can be reduced to as little as one- hydrophobically associating DAAM copolymers are the most efficienit The

Quarter that of the pure solvent by the addition of extremely m-ll uncharged homopolymers. polyacrylamide (PAM) and POVyOthylene ozide) (PEO).
concentrations of soluble polymers. This drag reduction phenomenon shown by yield moderate values and the homopolyelectrolytea arn the least edicissit.
polymeric additives has been known since 1949. when it was first reported by These results also prove that polymer associations and solvation play an
B.A.Toms (11 There has been considerable research in this area over the last important role in the drag reduction phenomenon.
three decades but there is no universally accepted model that explains the
mechanism by which macromolecules act to bring about frictional reduction. As mentioned shove, copolymers having same degree of hydrophehic
Some quantitative models have accurately predicted drag redacton behavior of inter- and intramoleculs, interactions have prove to be the mwst effdust drag
water-soluble homopolymiers like poly(etkylaxe oxide) and polyacrylamide reducers relative to the other polymers and eopolymers that have been studiedIRecently our research group has undertaken extensive analyses of polymers of in our laboratory. Therefore, a -ww series of hydrophebicafly associating
widely differing structures and compositions 12,.41 copolymers, poly(acamide-co-N isopropylacrylamide) (AMd-Co-WAX). has been

synthesized and characterized. The aqueous solution properties of these
Most of the theories for drag reduction are interrelated and include copolymers are extremely sensitive to sodum chloride, urea. and sodium dodecyl

variations of the idea that polymer moolecule somehow interact with vortices sulfate (SDS) concentration and temperature. Thus. these polymers are good
that are formed in turbulent flow and dissipate energy nc S i~yfr the vertices models to assess the effect of solvatlon on drag reducio performa.
to grow. This energy may be dissipated through =rakg of primary or
secondary bonds, conformational changes, asoain~aoltosby inducing EXPERDOEENTAL
changes in the solvent structure around the macromolecules, or by some other
mechanism Many theories also include the concept that the polymer molceues Materilis: Acrylamide (Aldrich. 97%) wsas recrystallised three time
ad ner the well in the boundary layer. fivm acatone. N-laopropylacrylamide 03astman Kodak Chemical) was

recrystallized twice from ethyl acetate. Sod- chlorde aa hmcsl),e.
Mecu samnin kauzrdwdh& (Aldrich. 99+%) and sodiuml dodecyl sulfate (Maw35 9ft) w ad asreclved.

The molecular parameters which affect drag reduction are molecular Methods AI~ir8mhss Polymerisatioms wa est efumsd in
weigt, oleula weghtdisr~bt~o, cemicl mtur ofthepolmer(e~. inic aqueous solution using 0.2 mole% potassium persulfae fiee radical liistor at

orno-onic), braching and copolymer composition, solvent quality, critical WOC under a nitoe tmostibere(FIgure 3).Ttlmnmr sobt a
concentration secend virial cooffdest, hydrodynamic voleni, entanglements 0.45 Mi. The reactions wass terminated by the addition of eatdcu after
and energetic interactions (asoolatlon, sagrgretion, and hydrogen honda). approximately 4.5 hom of polymerization time. Polymer conversions ofO% to

60% were obtained. Copolymers were purified by dialysis. The dialyzed
Polymer chain flexibility improve drag reduction for a lawo number of copolymer solutions were freese dried.

polymers because of better interaction with the turbulent eddies. I~ea
polyme have been ond to be more effective than bradhed samples. whiclz is N be d "C NMR (MDL FJS OCbo. 2.5 Mbs)
expecte since branching leads to hs flosiblity. Howsverthese conclusions do and elemental analysi (M-H-W laboratoris, Phaed-lz AZ) vweused to
not hold fo all polymer sytes deteain. copolymer composition. Thea ealorimebfic dewa were obtained an a

Microcal, Inc.. Model KC-I microcelarfiseter. Polmsrfivesoladonsdothesae
Pnncasskilesin w repeobcomposition ere used in the refereace call. The vlaom i shudis we~iij.~I m kin~h ipeormedo on a Cannon-Ubbelelide fourbul sheow dilation viscometer Low

Four series of high molecular weigt, wsae sad"l acrylamids angl laser light scattering war performoed on a Chromatic DN.6 qeto-
capolymera with systemiauic variations in strcue and chsmaical copsto photometer utilling a 2mW He-Ne laser operating at 6e3 sun. The dano
we synthesized and thoroughly caractesised. The omomnra used with mieas sita we obtain"d on a Chroatix 111)1IS laser diffrental

haite-te ("ML). and disoseerylazaid (D). AU copolymors weD Rdswmano L h rgoutoneetaaowr
hand toconform teaunversalcurve wheunnalized forhydrodynaicvolue erformed on a capillary flow apparatus and en a modfie -et-nC disk

16&~gan acronym denotes the mole percet of that comonomer (the rest sOurc that can drive up to 1000 ml of fluid through a 0.1110 an X 103 ems
begaamids in t hal o roagien oplm era. -0110117 rfcTmecapilrr.sa rp n lwrt a b land ati
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circular disk rotating in a cylindrical chamber. The Reynolds numbers and fluid In 0.2% (- 7mM4) sodium dodecyl sulfate (SDS), the alkyl chain of the
fr ction factors can be obtained by monitoring torque against rpm values. The surfactsnt molecules associates with the polymer backbone. Consequently, very
two instruments are different in that, in the capillary flow the entire solution is high intrinsic viscosities a realized due to the charge-charge repulsion between
in turbulence whereas in the rotating disk rheometer only the solution close to adjacent surfactant molecules and the disruption of intramolecular hydrophobic
the outer edge of the disk is in turbulence. In the latter, the Polymer molecules associations. These intrinsic viscosities in SDS are very shear rate dependent,
can go in and out of turbulence. The percent drag reduction (%DR) can be showing a highly shear-thinning response.
determined from the knowledge of the solvent (f() and solution (0 friction factors
at a particular Reynolds number or wall shear etreas. Tables IV summarizes the classical light scattering results of IPAM

copolymera in deionized water. The dn/dc (change in refractive index with
%DR - 100 X (f /concentration) values vary between 0.190 and 0.230 for all the copolymers. The

weight average molecular weights (M,) are between 3.0 and 5.2 million g/mole.
RESULTS AND DISCUSSION The weight average degree of polymerization (DP.) is relatively low for IPAM-

100, IPAM-85 and IPAM-40 and is relatively high for the homopolymer of
The amount of N-isopropylaarylamide 'PAM) monomer in the feed was acrylamide (PAM). The second virial coefficients (As). which are related to the

varied from 100, 85, 70, 55 to 40 mole percent, The reactivity ratios (Table I) solubility of the polymer in the solvent, increase from IPAM-100 to PAM. Thus,
were calculated from the feed ratios of the monomers and the copolymer IPAM-100 which is the most hydrophobic is the least soluble, and PAM which
compositions, at low conversion (- 10%). using the Kelen-Tudos [61 and the is the most hydrophilic is the most soluble in deionized water.
Fineman-Rosa (71 techniques. The reactivity ratios indicate random
copolymerization. The drag reduction studies were conducted in deionized water, 0.514 M

NaCl, I M urea and 0.2% SDS. Figure 5 depicts the drag reduction profiles for
The solution properties of these copolymers were studied in deionized IPAM-40 in different solvents on the rotating disk rheometer. The percent drag

water, 0.514 M NaCI and I M urea solutions. In 0.514 M NaCI the hydrophobic reduction (%DR) is higher in deionized water relative to that in salt and urea_
associations are enhanced due to water structuring in presence of the ions. In In 0.514 M NaCI the intramacromolecular hydrophobic associations are
1 M ee the water structuring is diminished due to the breaking of the enhanced, leading to the lowest %DR. In I M urea the breaking of the water
extensive hydrogen boanding present in deionized water, structure leads to less water being associated with the polymer coil leading to

lower %DR. These results are supported by the microcalorimetric, the
All the copolymers with the exception of IPAM-40 show lower critical turbidimetric as well as the viscometric studies. On the rotating disk rheometer,

solution temperatures (LCST) or cloud points below 100"C. The cloud points in the drag reduction profiles for all the copolymers are simia to those shown for
deionized water for lPAm-100, IPAM-IS, IPAM-70 and IPAM-55 are 34"C, 42"C, IPAM-40 (Figure 5). The homopolymer of acrylamide however, shows almost the
5M and 74"C respectively. As expected, with the addition of acrylamide to the same %DR in all three solvents.
copolymers the cloud points are raised and the copolymers become more
hydrophilic The cloud points are lowered in 0.514 NaCI. Thus, the solubility In Figure 6. the drag reduction profiles of IPAM-70 are depicted in 0.2%
of these copolymers is reduced in the presence of NaCI. (- 7mM) SDS, 0.514 M NaCI and 1 M urea in capillary flow. IPAM-70 and all

the other copolymers show the highest %DR in 0.2% SDS relative to the other
Since these topolymers precipitate on heating, they a e well suited for solvents. In SDS, the solvation changes within or around the massive

miscnnrate of studies. The mirecaornstric studies were performed at a hydrodynamic domains may be more effective in interacting with vortices that
scA1ing rate of eC/hr. Figure 4 shows the microcalorimetric ndotherm for are formed in turbulent flow. Also, the surfactant molecules, that are in a

is sharper th-n those previously reported 81 This apparently in a molecular dynamic association/dissociation equilibrium, provide another mechanism for
-ight OMharper t the MWreiou rpolrte [8hi a reofmnitude o ear dissipating the energy in turbulence. The %DR in deionized water, not shown
weight (MW) effect asthe MWofor polymer is an order ofmagnitudelgher in Figure 6. is slightly below that in 0.2% SDS and is higher than that in salt
than the highest MW sample reported in Reference 8. and urea. The %DR in 0.514 M NaCl is the lowest and that in urea shows an

intermediate value due to the reasons presented in the previous paragraph. In
Table II summarizes the microcalorimetric properties of IPAM-100 in capillary flow the drag reduction profiles ofIPAM-100 and IPAM-85 ame similar

different solvnt AR and AS increase with the addition of NaCL. The higher to those for IPAM-70.
AS indicates that NaCI is a water-structure maker (kssmotrope The cloud
point decreases in the presence of NaCL The cloud points and the
microclaurimetricT-concur fairlywell. The enthalpyoflPAM-100indeionized Figure 7 shows the drag reduction profiles for IPAM-40 in different

water is consistent with the loss of approximately 1 hydrogen bond/repeat unit solvents in capillary flow. Like the other copolymers, [PAM-40 shows the

Seperted by F~is at a] [91 AH and AS decrease on the addition of urea highest %DR in 0.2% SDS. For IPAM-40 in capillary flow, the %DR in 1 M urea

The lower AS indicates that urea is a water-structure breaker (chaotrope) is the lowest with 0.514 M NaCt solutions showing intermediate values. Since

There is an enthalpy-entropy compensation in all cases. The cloud point IPAM-40 does not have as many N-isopropylacrylamide moieties on the polymer

dereases in the presence of ure. This occurs for IPAM-85s a well but the trend chain as compared to the other copolymers, it forms weaker intramolecular

reverses for IPAM-70 and IPAM-55. The depression of the cloud point in IPAM- hydrophobic associations. These associations are enhanced in 0.514 M NaCl but

100 and IPAM-85 in urea is unexpected The microcalorimetric ondthrms are under high shear conditions in capillary flow, where the polymer cannot go in

very sharp for IPAM-100 in deionized water and NaCI solutions (WTm< 0.5C) and out of the turbulent regime, part of these associations are broken resulting

but the endotherms broaden with the addition of urea. The calorimetric peak in a slightly higher %DR. At a wall shear stress of 143 Pa, the 0.514 M NaCI

is higher (AC,> 35) in deionized water and NaCI but it drops drastically in the cure falls almost on top of the 0.2% SDS curve. In urea, the breaking of the

presence of urea and the decrease is proportional to the urea conntration. water structure leads to a lesser amount of solvent being associated with the
polymer chain, resulting in lower %DR values. Thereora, for IPAM-40 in
Iapiary flow, the breaking of the water structure in ume leeds to the lowest

The endotherms become broader (AT> 2.5"C) on the introduction of %l. The intramolecular hydrophobic association become l significant.
aerylamnide into the copolymers. The aH is directly related to the amount of N- IPAM-55 shows the intermediate situation between IPAM-70 and IPAM-40
isopropylsarylamide in the copolymer. There is an extreme drop in the peak where the %DR in urea is almost the same as that in salt and the %DR in 0.2%
height (AC,) with the addition of ascrylamide to the copolymer& SDS is higher.

The viacometric studies were conducted as a function of solvent and Figure 8a shows the IPAM copolymers plotted in the universal curve
temperature. The visomities ofall these copolymers conform to the Huggis and format, The polymes showing the highest %DR per unit volume fracti at the
the Kraemer equations. Extrapolatns to a common intercept at 5ero lowet volume fractions are the most efficient drag reduor. [PAM-7O and
concentration from plots of reduced viscosity (%i1C) and inherent viscosity IPAM-55 are more -dient drag reducers than PAM whereas IPAM-100 and
(bNI)h) ver-s concentration (C) were used to determine intblei vimiTe IPAM-40 are less efficient drag reducers than PAM in deionized water. On
(is). The zero-her intrinsic visoities are reported in Table I L The plotting DR efficiency versus IPAM content in the copolymer (Figure 8b), it is
vscoaties are lower in haCI relative to those n deionized water due to seer that the most efficient drag reducers are neither the most hydrophobic
enhancd intramolecular hydrophobic a tions. In urea the hydrodynmi copolymers or the most hydrophilic copolymers, they fall somewhere in between
volume is lower due to diminished hydrogen bnding loading to less 5lvit the two extremes. From the IPAM copolymers the most efficient drag reducer
being bound to the polymer. Therefore, the solution properties of these is IPAM-70.
copolymers are influenced by a subtle interplay of hydrophobic associations and
hydrogen bonding. CONCLUSIONS

Temperature has a drastic effect on intrinsic viscosity. As the Poly (scrylamideco-N-isopropylacrylamide) copolymers have been
temperature approaches the LCST, the copolymerexhibit&a lower hydrodynamic synthesized and characterized by elemental analysis, 3C NMR. turbidimetiy,
volume as shown for IPAM-100 and IPAM-85 in Table Ill. The lowering of microcalorimetry, viscometry and light scattering. The dilute solution and drag
intrinsic visoity at higher temperature was noted by Heskins and Guillet (101 reduction properties of the copolymers are explained on the basis of
who observed that poly(N-isopropylscrylamide) tends to aggregate as the intramoldecular hydrophobic associations and hydrogen bonding and its effect on
temperature approaches the LCST. water structure. Copolymers with intermediate hydrophobicity are found to be

9 IANTEC '92
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Table L Rectvity rub.. Table IV: Light scattering data of IPAM copolymera in DI water

rehr 2 rdr S-pe dn/dc M, x 10 4  AtI z 1 DP. x I0

(g.mole') (mimole.g')
F -Td 0.95 1.04______.99__

1.04 o.99 IPAM-100 0.2079 3.0 2.94 2-65
lAneman-Rosa 03% 1.06 1.04 EPAM-M5 0.1995 3.1 3.01 2-90

Monomer 1 - Acytamide (AM). EPAM-70 0.1970 4.5 3.31 4.4
Moomer 2 -N-op yci c (IPAM). IPAM-55 0.1927 3.9 3.46 4.13

1 PAM-40 0.227 2.2 3.62 2.49

Table 1. Microcalorimetric properties of IPAM-100 (0.04 fdL) in differnt PAM 0.2167 5.2 3.78 7.31
solvents

Solvent T". (C) AT .- A Asdca'cl Ac'(cal.
_______ .in1) 'j1g) CM -CH CK 2-CH CH?-CH CK2C4 CeC

C0.FC Ca G0 ca c-aC
DIwater 34. 0.4 18.2(2.1) 6.7 37 0 C-0 cio 0-0 c-0

0.25 M 30.6 0.4 18.7(2.1) 7.0 39 N 2  ON NH NH NiH

MaoCM~-C-CH3 CI4rC-CM 3 C~rC-CH3
I I I

0.514 M 27.2 0.4 19.6(2.2) 7.4 39
NaC I___ I___ _______

1M Urta 33.2 0.5 11. (1.) 4.4 26 COCH3

2 1 Urea E92 0.6 11.0(1.2) 4.1 22 AM NaA NaAMPS NaMB 0M

4 M Ura 29.4 L1 8.5(1.0) 3.2 9

'empratr of the peak of th imlaolorimetric hndothurm. Tbe width at half
height at the e dothem. - Etalp of .ndethem in c&W of
polymer. The value in parenthses m kmI&em& of monomer repeat .-- t

'Entray d'mdbsrm alcmuled from he = TAS at the LCGr wbem AG = 0.
*Calorimetric peak height. 11" 36 9

0 MAN 1A5OX&AWS 10

- *-.., 5NSAW 10

- - -~ i *PAN 4

SaIl Dwam 0.514 MN&Cl iMUna 0.2%SDS ~
IPAM-100 4.7 - &4 20.1 "

6. (at 20'C) _._=__

EPAM46 7.3 &1 L7 20.9

37 (at 40'0 too" .,"-

IPAM-70 64 5.3 5.2 27.9

IPAM-66 9.7 9.3 7.0 31.8 0.001 0.0l 0.1

IPA-40 8.2 7 9.2 27.4 Volume Fraction Polymer. [va]C

PAN 3 1"6 16.3 14.0_ Figure 2 Percent DR per unit volume fraction versus volume
-t - - fraction in 0.514 M NaCI on a rotating disk rheometer, Re a

520,000 [2].
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C CH *C 2 = Cm +~{c 2 -CH}{ H-C+

NH2 NHi C-O

C"3 CH 2  .- *.

Figure 3: Polymer Synthesis 10O
0.aO5t4 U MaO

5. 4&&" 0.2 S
4""s 1 MUftke

0of
DI Water 0.514 M NaCI I M Urea i "i b

Concentration (ppmn)

Figure 6. Percent DR versus concentration for EPAM-70 in
different solvents at T., - 36 Pa. in the capillary flow

apparatus.

40.

~,25,
020,

q29"n 0.514 M NoCd
S. 4AAAU 0.2m SOS

01 1 4 i l'0

Concentration (ppmn)

Figure 4: Mcroculorimetric endothernas for EPAM-100 (0.04 g'dL) Figure?7. Percent DR versus concentration for IPAM-40 in
in different solvents, different solvents at T. = 36 Pa in the capillary flow

apparatus.

0*009 0.4 M MOe
4A"&h 1 M Urea

25-

S.

Concentration (ppmn)

Figure & Pei 9n DR versus ommentratioa for IPAM-40 in
diffaenat solvents at T. a 112 Pa an the rotating disk

rheotneter.
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0.001 C 0.61

Figure &a: Percent DR per unit volume fraction versue volume
fraction in deionized water on a rotating disk rheometer. T. =112 Pa

(Re =0848M00).
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Figure b. DR efficiency of IPAM copolymers.
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